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FOREWORD

This document presents the results of a contract study (NAS3-23044) con-
ducted for the National Aeronautics and Space Administration (NASA) by the
General Electric Company, Aircraft Engine Business Group. The program was
administered by the Advanced Technology Programs Department with K. Schuning
serving as Program Manager. The Technical Manager assigned for the Study was

D.F. Sargisson.

The study was directed by NASA-Lewis Research Center and G.A. Kraft was
the NASA Study Program Manager.

A large range of technical subjects were addressed during the study period
and a number of widely differing technical disciplines were involved. The
following is a list of the principal General Electric personnel who have made

major contributions to this study.

For Tasks I through VI

Engine Design

Aero/Mechanical J. Ciokajlo/G. Smith
Cost and Weight G. Smith

Engine Cycle and Performance Analyses

Cycle Definitions and J.E. Johnson/R. Steinmetz

Performance Decks J. Morrow

Gearbox Design

Theory R.J. Willis (AEBG, Lynn)
Mechanical Design C. Broman/C. Toraason
Cost and Weight C. Toraason/A. Ludwig
Heat Exchangers R. Petsch
Lubrication D. Hester

-'e
Propeller Performance R.G. Giffin
iv




Nacelle and Inlet Aerodynamics

Inlet D. Paul
Exhaust and Nacelle Design A. Kuchar
Configuration Analyses R. Petsch

Aircraft Synthesis and Performance Analyses

Requirements W. Joy

Aircraft Synthesis W. Joy

Trade-offs/Performance R. Hines
Installation Technology W. Joy/R. Petsch
Acoustic Technology S. Lavin/P. Ho
Engine Emissions J. Taylor

It is also appropriate that General Electric acknowledges the advice and
counsel of three principal aircraft companies, who have supported this study,
particularly in the area of airplane performance methodology, weight esti-
mating procedures, acoustic trade—off data for fuselage noise attenuation,

nacelle placement and other installation criteria. These companies are:

Lockheed California and Georgia
Douglas "Long Beach
Boeing Seattle

A number of Hamilton-Standard personnel have also contributed data for

this study and their efforts are likewise acknowledged.

For Tasks VII through IX

Electric Machinery E. Richter/T. Miller, General Electric
Corporate R&D Center

Fiberoptic Technology G. Carlson, GE, CR&D Center

Traction Drives G. White/R. Anderson, TRI Inc.

Propeller Mechanisms C.M. Toraason, GE

P. Barnes, Hamilton-Standard
M. Mayo, Hamilton-Standard
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1.0 SUMMARY RESULTS AND CONCLUSIONS

The Advanced Propfan and Engine Technology Definition Study (hereafter
referred to as APET, or the APET Study) forms a part of the technology base
required to substantiate the performance benefits that have been predicted for
airplane propulsion systems which include the estimated full-scale Hamilton
Standard propfan performance characteristics. Several previous industry
studies conducted for NASA support the position that the development of the
propfan would provide a significant contribution to the continuing commercial
airplane technology dominance, by the United States, of the International
Market. However, the studies already reported have not covered specific air-
plane engine and gearbox design characteristics (and related installation lay-
out) that are required to produce, together with the propfan, the best perfor-
mance consistent with acceptable noise characteristics. Therefore, the APET
Study, sponsored by NASA Lewis, is an essential element in the realization of
the full potential performance benefits that can occur from an optimum propfan

propulsion system.

This study contract initially covered the six tasks that are listed below:

APET Program Tasks

Task I - Selection of Evaluation Procedures and Assumptions
Task II - Engine Configuration and Cycle Evaluation

Task III - Propulsion System Integration '

Task IV - Engine/Aircraft Evaluation

Task V - Advanced Prop—-Fan Engine Technology (APET) Plan
Task VI - Reporting Requirements

Task I provided the rationale for the conduct of the study. Task II
evaluated a candidate set of turbofan and turboshaft engines correctly sized
for the missions defined in Task I, and selected oné turbofan engine and two
turboshaft engines that were then carried into the later study tasks; Task III
provided installation factors for the selected engines and produced Preliminary

Design Layouts of engines, gearboxes, nacelles and sub-systems integrated with

™
1
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the aircraft wing; Task IV evaluated the airplane performance, operating costs
and acoustic signatures while carrying out the specified missions, Task V

produced a set of recommendations and plans for the technology development of
key components identified in this study; Task VI covered the necessary report-

ing, which includes this document.

A range of cruise speeds between Mach 0.70 and 0.80 was examined for the
selected missions and six point-design airplanes were synthesized and "flown"
on the computer to obtain a matrix of performance results. Some off-design
missions were also run to determine quantitatively the value of the technology
assumptions on both fuel burn and cost. Acoustic and emission signatures
were also estimated and compared against existing rules and those that may be

in force in the next decade.

The results and conclusions from this study are positive. High cruise
speed turboprop powered airplanes will, when examined with consistent propul-
sion technology relative to turbofan engines, exhibit superior fuel burn and
operating cost indices while meeting all the requisite regulations for acous-
tic and emission signatures. Many aspects of the study and its results have
direct Military relevance. These aspects can now be explored with some con-

fidence, using the propulsion systems designed for APET.

As a result of the above 6 tasks, NASA decided to enlarge the APET

study by the addition of 3 more tasks. These were:

Task VII - The Preliminary Design of a gearbox to be selected from the

candidates already identified.

Task VIII - The Conceptual Design of an advanced electromechanical
pitch change mechanism which integrates with the propfan and the gearbox of

Task VII.

Task IX - Reporting Requirements.




The primary objective of Task VII was to identify the technologies which
require support for an advanced gearbox to drive the propfan. The time period
for application was selected as the early 1990's and NASA required that the
"advanced" gearbox to be directly compared with a gearbox using state—of-the-
art technologies in gears, bearings, housings, lubrication and lubricant
choices, system integration methods, costs and weights. This task also
required that the "advanced" gearbox to be compatibly designed with regard to

the Pitch Change Mechanism being conceptually designed in Task VIII.

Both offset and concentric gearboxes were preliminarily designed. The
offset gearbox is not reported here because its design was undertaken by the
Westland Helicopter Company in England at no cost to the contract. The con-

centric gearbox is a reprtable item and has been included.

It is noteworthy that the offset design made by Westland to General Elec-
tric ground rules was a significant advance over any contemporary offsét gear-
box in terms of low parts count and thus greatly enhanced reliability. The
advance was made possible by substituting "conformal" gear technology for cur-
rent "involute" gear technology. The technology data base available to
Westland on "conformal" gears is unique to the western world and has been

developed over a period of some 15 years. Conformal gear sets in a helicopter

transmission have both military and commercial application and over 300 Westland

"Lynx" helicopters are in world-wide service.

The concentric gearbox which was preliminarily designed also included
advancements of significance. Higher temperature gearsets and lubrication were
used in conjunction with a modulated flow oil system. Also, the main system
components such as the oil tank and oil-to—air heat exchanger were integrated
into the gearbox housing design, saving weight and increasing reliability in
the process. The housing itself was proposed as a fabricated titanium struc-
ture which comprises local castings welded to sheet-metal structures using

advanced manufacturing techniques.

Task VIII had as its primary objective the design of a radically different
PCM for the propfan. Earlier work by General Electric had defined the propfan

PCM to be an essential technology item requiring intense effort. The history



of hydromechanical systems in propeller PCM's may seem to be adequate for cur~
rent applications byt the propfan raises many questions as to the desirability
of proceeding down a hydromechanical path. The Centrifugal Twisting Moment
(CTM) of the scimitar shaped propfan blade combined with its relatively high
rotational speed gives rise to actuator forces that are an order of magnitude
greater than conventional, unswept, blades. Also, the control of the total
propulsion system is based on the use of a Full Authority Digital Electronic
Control (FADEC) and there are some obvious merits in having electronic signal-
ling interface directly with electronic components rather than using electro-

hydraulic servo valves.

General Electric used the resources of the Corporate Research and Develop-
ment Center to assist in the definition of advanced electromechanical com-
ponents and the conceptual design of an all fiberoptic signal and control sys-
tem that crosses the stationary-to-rotating boundary (gearbox to propfan) via
an uniquely designed optical slipring with low optical loss. It should be
emphasized that the system concepts being reported herein are radially dif-
ferent from any previous propeller control system, and they are attempting to
ensure that the propfan, when fully developed, will be supported by a PCM with
improved reliability and integrity (system safety) compared with current

propellers.
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2.0 INTRODUCTION

An important element of NASA's Aircraft Energy Efficiency Program (ACEE)
is the Advanced Turboprop Project (ATP). This project is being directed and

administered by the NASA Lewis Research Center.

In parallel to the ATP, NASA Lewis has contracted for the Advanced Prop-
fan Engine Technology definition studies (hereafter called APET) with three

principal US propulsion companies.
The objectives of the APET definition study were to: .

. Identify candidate engine and drive systems which, when coupled
with an advanced propfan, will improve the energy efficiency of
future U.S. commercial aircraft so that substantial fuel savings
can be realized and permit U.S. built commercial aircraft and

engines to retain their dominant place in the world aircraft
market.

) Assist NASA in formulating a plan for a follow-on hardware effort
that will provide the key technology required for U.S. engine manu-
facturers to develop the candidate engines and drive systems which
are critical to the viability of a propfan propulsion system.

As part of the ATP a new concept of propeller rotor is being progres-
sively evaluated through both theoretical and empirical efforts. This rotor,
now being developed by Hamilton-Standard under contract to NASA, is generally
referred to as a "Propfan'. Typically, in a single row actuator disk it will
employ eight or ten blades. Each of the blades incorporates advanced tech-
nology geometry for improving aerodynamic (thrust and efficiency) performance
at high cruise Mach numbers (in the order of M = 0.70 to 0.80) and additional
geometric refinements to reduce rotor noise generation. The‘propfan also uses
advanced technology in its structure to reduce weight significantly compared
with an all-metal, old technology, propeller blade. Previous studies have
indicated that a propfan propulsion system; flying at an equivalent cruise
Mach number to the current turbofan powered airplanes, can reduce fuel con-
sumption by more than fifteen percent when compared with a turbofan propulsion

system using equivalent core engine (gas-generator) technology. These studies

are listed in References 1 through 22.
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The scope of the first 6 Tasks of the APET studies required consistent
comparisons between airplanes, designed for equivalent commercial operations,
employing turbofan and turboprop propulsion systems. These comparisons are
projected into the technology levels realizable during the early part of the

next decade.

The definition of the turbofan airplane, using an existing data base is
considered straightforward. The definition of the turboprop is much less well

based and is discussed below.

It has been over twenty years since industry designed or developed com-
mercial turboprop aircraft and engines for use by the major trunk airlines.
The cruise speed of these aircraft was in the Mach 0.5 to 0.6 range, with Mach
number-never-exceed (Myg) values of around 0.65. The Mach restrictions, in
general, were not related to the propulsion systems themselves, but were limit-
ing factors for the aircraft aerodynamic (wing) and struétural design. Also,
again in general terms, these designs called for a balance between takeoff per-
formance and related criteria such as field length, sécond-segment climb with
one engine inoperative (OEI) and the cruise altitude power available. The
majority of the larger airplanes were 4-engined, whereas the APET studies were

directed towards short-to-medium haul twin engined aircraft.

Large, twin turboprop aircraft which have been produced for the commer-
cial or military market are listed in Table 2-1. 1In the Western World, the
"Transall" with a takeoff gross weight (TOGW) of over 112,000 pounds is the

heavy weight leader with engines of over 6,000 shaft horsepower (SHP) each.

Table 2-1. Twin-Engined Turboprop Airplanes.

Model Design Role TOGW-LB SHP Required Comments
(GE) APET 150-Pax/ 1000 n.mi 130,000 2 x 10,000 M = 0.7 cruise
2 x 14,000 M=0.8
Congortium Transall Military Traasport 112,435 2 x 6,100 M=0.5to 0.6
Breguet Atlantique ASW 98,105 2 x 6,100 M=0.5 to 0.6
Lockheed L-400 100 PAX 84,000 2 x 4,662 Lockheed proposed
twin of basic
Hercules
Aeritalia G.222 Military Transport 58,400 2 x 3,400 M=0.5
Convair 580 48 PAX 57,000 2 x 3,025 M = 0.4 to 0.45
Antonov AN-26 Military Transport 53,000 2 x 2,820 Algso commecial versions
Fokker F27 40-50 PAX 45,000 . 2 x 2,230 M= 0.4 to 0.45
10




Aircraft maximum range/payload design point has a definite impact on air-
plane size and weight, and installed propulsion thrust requirements. General
Electric has recently completed an economic survey of 70 major airlines world-
wide, with particular emphasis on the route structures and equipment being used
for stage lengths equal to and below 1000 miles. As a result, the APET base-
line airplane was defined for a 1000 nautical miles maximum payload/range point

for this study.

The significance of the material being reported lies mainly in the con-
sistency of the direct comparisons between turbofan and turboprop commercial
aircraft designed with identical ground rules. Also noteworthy are the contri-
butions offered by modern gearbox and PCM technology, nacelle concepts and
their aerodynamic characteristics, cycle considerations for advanced turboshaft

engines, propfan selection criteria, acoustic and emission estimates.

The scope of Tasks VII and VIII in this study demanded more detailed
engineering judgement. Task VII refined a gearbox from the earlier Tasks to
the level of a Preliminary Design where design loads, gear and bearing details, -
housing design criteria and installation integration were all taken by design
layouts to the stage where accurate weights and costs could be generated.

Also equally important were the exercises involving maintainability and reli-
ability and the impacts thereon of various options in modularity. Task VIII

is much more radical and introduces the possibility that the propfan PCM could
well be an autonomous electromechanical system under the control of a frequency
modulated digital signal having its origin in the propulsion FADEC and its
terminal in an electronic control module rotating, with the propfan, at the

forward end of the propfan structural hub.

Finally, it is believed that the recommendations and the technology
development plans that are being proposed will provide NASA with a well con-
structed roadmap for high horsepower, high cruise speed, turboprop propulsion

systems.

11
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3.0 PROGRAM OVERVIEW

3.1 STUDY PROCEDURES AND ASSUMPTIONS

The APET contract called for the submission of a document that, subject
to the NASA Program Manager's approval, defined all the ground rules and
methods that were to be used throughout the technical efforts that are reported

here. This document covered the following major topics.

3.1.1 Fuel Price Forecast

As is discussed later in Section 4.1.3, fuel prices forecast for the mid-
1990's time period are based on projections from a number of sources that
included Government Agencies, 0il Industry Analysts, and economic forecasts
that are generated internally by the General Electric Company. NASA/GE agreed
that the fuel price to be used in the economics assessments would be fixed at

$1.50 per gallon, plus or minus 50¢.

3.1.2 Direct Operating Cost (DOC) Method

Three DOC methods were analyzed. They were (1) NASA method contained in
Reference 30, (2) the Eurac Method contained in Reference 31 - Common DOC
Method for Short/Medium Range Aircraft, and (3) the ATA Method updated by
Boeing in their presentation Reference 32. All three methods gave very
similar results and with NASA's agreement, General Electric selected Method
Number 3. Table 3.1-1 shows the assumptions made for the DOC calculations

reported in this study.

3.1.3 Environmental Constraints

Both emission and acoustic regulations now in force and those expected by
the mid-1990 time period, were required items in the study. Emissions are
regulated by the "Current Standards - Newly Certified Large Engines" published
in the Federal Register dated July 17, 1973. Hydrocarbon (HC), nitrous oxides
(NOX), carbon monoxide (CO) and smoke number are specified for both turbofan
and turboshaft engines. Further specifications cover Time-in-Mode at Percent
Rated Power for the purposes of regulating the time (in minutes) that are to

be used for analytical predictions. These current regulations are likely to

15
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Table 3.1-1.

APET DOC Assumptions.

Methods Used

Cost Basis
Aircraft

Economic Conditions

Spares - Airframe
- Engine
- Nacelle
Depreciation

Annual Utilization

Block Distance
Insurance

Fuel Price

Maintenance - Engine
- Airframe

Crew Costs

Basically ATA Method as modified by
Boeing (1979) with minor changes

- All Costs in 1981 Dollars
- "Rubberized," Scalable in Size

1981 (Except for Fuel - See below)
6% of Airframe Price
30% of Engine Price
6% of Nacelle Price

15 Years to 10% Residual Value
(on Total Investment)

Boeing 1979 Method, with minor
changes

300 N Mi
0.5% per Year (on Fly-Away Price)

$1.50 £ $.50 per US Gallon
(Valid from 1992 and Afterwards)

GE Preliminary Design In-house Method

"Boeing 1979 Method with Labor

Rate $14.19/Manhour

Boeing 1979 Method (Updated to 1981
Dollars)




be updated by a Notice of Proposed Rule Making (NPRM) dated March 24, 1978
which revise the gaseous standards, including Smoke Number, and converts the

regulations into S.I. units.

For the acoustic regulations, it was proposed that the current FAR 36
(stage 3) rules which apply to turbofan airplanes should be expanded to
include turbopropfan-powered airplanes. For the mid-1990's changes in the
current regulations could occur as a result of efforts being undertaken by
Working Groups C and D of the ICAO and by the SAE Committee A-21. However, no
judgment was made that the Stage 3 rules should be amended to more stringent
levels for the farfield noise takeoff and approach specifications. It was
noted that no regulations are in existence for cabin interior noise, and that
passenger acceptance levels are the subject of individual airlines negotia-
tions with the aircraft manufacturers as part of the airplane specification
they are offered. 1In order to make the necessary trade of airframe weight
deltas due to the acoustic treatment required to attenuate propfan nearfield
noise, it was decided that an interior level in the 82-84 dBA band would be

used.

17
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3.2 THE APET AIRPLANES

Six APET airplanes were designed for this study; three were turbofan
engine powered and three were turbopropfan engine powered. Each of the pro-
pulsion types was exercised on three point design airplanes which had cruise
design values of Mach 0.70, Mach 0.75, and Mach 0.80. All the airplanes had
the same constraints, i.e., they were all designed to achieve the maximum
payload range point of 150 passengers at 1000 nautical miles while observing
identical rules for field 1ength, altitude cruise capability, engine inopera-
tive cruise altitude, maximum approach speed, wing aspect ratio, alternate
field length, and reserve fuel allowance. The abbreviated specification for
these airplanes is shown in Table 3.2-1. The flight profile selected is shown

in Figure 3.2-1, and the mission leg details are defined in Figure 3.2-2.

3.2.1 Configuration and Size Selection

As discussed above, there are two varieties of APET airplanes:

1. A turbofan powered airplane with 7.5 bypass ratio engines installed
in Long Duct Mixed Flow (LDMF) nacelles.

2. A turboprop-powered airplane powered by Hamilton Standard 10-
bladed propfans driven by high pressure ratio turboshaft engines.

Each variety was exercised over three cruise Mach numbers, namely M =
0.70, 0.75, and 0.80.

From a number of sources, including a General Electric survey of world-
wide operations by 70 domestic and foreign airlines, it is apparent that a 150
passenger airplane design with range limited to 1000 nautical miles with full
payload (150 PAX plus 5000 1b cargo) would have a large potential market. This
size also challenges the technology of engines, propfans and gearboxes as the
shaft powers required ;re more than twice the levels demonstrated by production
propulsion systems of western origin., A summary of the factors that were con-
sidered in the selection of the size and performance characteristics of the
APET airplane/propulsion systems is shown in Figure 3.2-3, while Figures 3.2-4
through -7 are included to show the results of the 70 airline survey referred
to earlier. Figure 3.2-8 illustrates the very high proportion of domestic

flights that are scheduled for 1000 statute miles (or less).

21



Table 3.2-1. APET Aircraft Abbreviated Specification.

Aircraft Technology/Timing
Maximum Number of Passengers
Passenger Arrangement

Design Range Capability

(Full Payload including 5000 1b

Average Stage Length
Field Length (Sea Level)

Alternate Field Length

Engine-Qut Ceiling
Design Cruise Mach Number

Required Cruise Altitude
Capability

Maximum Approach Speed (Knots)
Number of Engines

Engine Location

Propulsion Types

Cruise Speed/Altitude

Takeoff Gross Weight (TOGW)

Wing Design

Wing Aspect Ratio

Measures of Merit

22

Service Introduction after 1990

150

All Tourist Class, Six-Abreast, 32" Pitch

- 1000 N Mi
Cargo)
- 300 N Mi

6000 Ft (Sea Level) at Max TOGW

Denver (Hot Day); Weight for Trip to
S. Fran. (100% LF)

15,000 Ft
Varies: 0.7 to 0.8

35,000 Ft-Design Range Mission.

135 Kts. (At MLW = 0.975 x Max. TOGW)
5

On Wing

Turbofan and Turboprop (Propfan)

Will Vary with Design Mach and Stage
Length

Variable

Sweep and Thickness Varies with Design
Mach

11 (For all Values of Design Mach No.)

Maximum TOGW
Fuel Burn at 300 N Mi Stage Length
DOC at 300 N Mi Stage Length




Ground at S/L
——— v . A —— .+ e @ o s ¢
-t Block Fuel-® -
1 Taxi 9 =13 Descend-Reverse
Z T.0. - 0.235M/1500 ft. path of 3-37
3 Accel. - to 250 KEAS at 1500 ft. 14 Approach
4 Cl. - Accel. - at 250 KEAS to 10K 15 Landing
5 Accel. - at 10K to: from 250 KEAS

to 330 KEAS
6 Cl. - Accel - at 330 KEAS from 10K to Altitude "X"
7 Cl. - at Const. Mo (0.6, 0.7, 0.8) from Altitude "X" to 40K
8 Cruise - at 0.6M, 0.7M, 0.8M, at 20K, 30K, 40K

Reserves
e (200 N. Mi.)

16 Loiter - 45 Min. at Cr Conditions (as for 8 )
17 Loiter - 30 Min. at 0.35M/15K

18 =22 Cl. Same Conds. As 237

23 Cr. - 9.55M at 25K

24 —=27 Descend, Same path as 9-—m=13

KEAS = Equivalent Airspeed in Knots

Figure 3.2-1. APET Flight Profile (With Reserves),

23



24

Leg Definition
1 Taxi-out, 9 minutes at ground idle thrust (6% of FNgig Max for Ed)
2 Takeoff - to 0.235 Mach/1500 feet; 1.25 minutes at FNg; Max
(0.2 Mach) ‘
3 Accel - at 1500 feet to 250 KEAS
4 Climb-Accel - at 250 KEAS to 10,000 feet
5 Accel - at 10,000 feet to climb speed (250 to 330 KEAS)
6 Climb-Accel - at climb speed (250 to 330 KEAS) to "X" altitude
7 Climb - at constant Mach (Mach = 0.6 to 0.8; Alt - "X" to 40,000 feet
8 Cruise — Mach = 0.6 to 0.8; Alt = 25,000 to 40,000 feet
9 Descend - Const. Mach to "X" altitude
10 Descend-Decel - at 280 KEAS to 10,000 feet
11 Decel - at 10,000 feet 250 KEAS
12 Descend-Decel - at 250 KEAS to 1500 feet
13 Decel - at 1500 feet to 0.235 Mach/1500 feet
14 Approach/Landing - 2 minutes at FNgp Max (0.2 Mach) to get fuel
burn; 6 minutes block time
15 Taxi-in - 5 minutes at ground idle
1-15 Gives block fuel and timeAAJ
16 Loiter = 45 minutes at cruise conditions
17 Loiter - 30 minutes at 0.35 Mach/15,000 feet
18-22 Climb-Accel - Same as main mission (250 KEAS first climb part,
280 KEAS second climb part)
23 Cruise - 0.55 Mach/25,000 feet
24-27 Descend-Decel - 280 KEAS and 250 KEAS first and second parts of
descent, respectively
16-27 Gives reserves - 200 N. Mi. Total Dist.

Figure 3.2-2. APET Mission Leg Definition.




ASM = Available Seat Miles
PAX = Number of Passengers
°

Engine should be at a size that allows credible up or down scaling.
(8000 - 16000 SHP range).

Aircraft range capability to be consistent with expected future air-
craft usage in 1990's.

Should challenge current technology for improvements in:

- Shaft engines

- Gearboxes

=~ Propellers

- Airframe weight

Aircraft size to be tailored for short/short-medium haul: Best
ASM/Gallon and DOC is the goal.

Aircraft design range will be limited so as not to penalize economics
by "overdesign".

150 and 100 PAX sizes have been considered. Selected 150 PAX size
appears to meet all the objectives above.

Figure 3.2-3. APET Study Airplane/Engine Sizing Guidelines.
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THE TOTAL ASM PIE DIVISION THE ASM PIE DIVISION
70 AIRLINE SURVEY WORLDWIDE WORLDWIDE

Figure 3.2-4 Figure 3.2-5

o 898.6 Billion (Total Pie) 70 Airline Survey -
4600+ Pax Aircraft Total ASM 898620.8 Million

o 194 Freight Aircraft “"Short" ASM 478926.0 Million

(not incl. Combi's) SHORTHAUL
WORLDWIDE ASM DIVISION

70 AIRLINE SURVEY
Turboprops DC-9-80

THE SHORTHAUL < 1000 ST MI OR LESS -
PIE DIVISION, WORLDWIDE Short jets

Figure 3.2-6 Figure 3.2-7

e 478.9 Billion Pie e Trunk & Regional Carriers
e Flights - To or Less Than 1000 ST Mi

Annual ASM 478.9 Billion

Figure 3.2-4 thru 7. 70 Airline - Worldwide Survey of Route Structure,
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Cumulative Percent

SHORT RANGE AIRCRAFT - STAGE LENGTH UTILIZATION

100

North American Operations

BAC-111/DC9/737/727

........ 1978 0. A. G. *

——— 1980 0. A. G.

N e
=]
) S %
- y
80 Z
p /
- V4 ;
4
60 .
/ Selected__p-g
- !/ Design Range ”
/ For APET A
40 l
4
y
y
- ;
y
20 " 7
/4 ;
n /
0 4
o © o o o
s g g &8 8 S 8 88 § § 8
o ] I | ] | 1 ! ' ] | | 1
'
- T 8 3 3 58 5 3 38 8 &8 8
Stage Length - Statute Miles
* O0AG = Official Airline Guide

Figure 3.2-8.

Short Range Aircraft - Stage Length Utilization.




Together, these figures given clear substantiation to the importance of the
short-haul market, both internationally and domestically, and support the selec-
tion of a 1000 N. Mi. maximum range/payload requirement as being reasonable.
Also, it can be noted from Figure 3.2-8, the fifty percentile value of flights
crosses the 300-400 statute mile stage length curve and serves to support the
selection of a median value of 300 N. Mi. as representing a reasonable value

which to use for the figures of merit in ensuing economic evaluations.

The airplanes designed for this study are shown in Figures 3.2-9, 3.2-10,
and 3.2-11 while Figure 3.2-12 illustrates the family of wings that were
evaluated. An aspect ratio (AR) of 11 was chosen for all of the airplanes as
it is predicted that the use of advanced metallic alloys and composite mate-
rials could well achieve this level of AR by the mid-1990's. In fact, this
value might well be judged to be conservative - especially for cruise Mach
numbers near 0.70. The range/payload curve for one of the study airplanes -
in this case the M = 0.80 turboprop-powered airplane - is shown here as
Figure 3.2-13. This figure has some noteworthy points. The figure of Merit
range/payload point was selected at 65% load factor (LF) at 300 nautical miles
range. The seventy airline survey already alluded to showed that this selec-
tion of stage length could account for some 50% of the likely usage pattern
for the projected APET airplane. Also seen on the figure is that although the
airplane is design limited to 1000 nautical miles (with full payload) it
becomes very flexible with anything less than 1004 LF. This effect, shown by
the flatness of the curve between the identified points (3) and (5) on the
figure is due to the fuel efficiency of the airplane/propulsion system combi-

nation.

As will be discussed in more detail in Section 4.2, wing and thrust sizing
for APET airplanes was undertaken using well known parameters. In this sec-
tion, which is devoted to an overview of the study results, Table 3.2-2 is
included to summarize the wing and thrust sizing values that were used for the
flight analyses. The results, in terms of the often used measure of flight
efficiency - Available Seat Miles per Gallon (ASM/GAL) - are shown on Figure
3.2-14. Here, all six APET airplanes are portrayed versus the current designs
of airplanes employing high bypass-ratio turbofan engines. It may be seen
that the APET Méch 0.75 turboprop has about twice the fuel efficiency of any

existing airplane at a range of 500 nautical miles.
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h -

AREA (SQ FT)
SPAN (FT)

MACH NO
SWEEP (XC/A)

ASPECT RATIO

TAPER RATIO
ROOT t/c

WING BREAK %/
TIP t/¢

~Deg

1250
117.3

1000 850

104.9 96

10°

11
.20
.20
.18
.15

c = Wing Chord
t/c = Thickness to Chord Ratio

Payload
- lbs

40,000

30,000

20,000

10,000

Figure 3.2-12.

ZFW = Zero Fuel Weight

1250
.7 117.3

APET BASELINE AIRCRAFT
Propfans

LF = Load Factor

_12pz LF

65% LF

—-R

@

Figure of Merit
Range Evaluation
Point

- - o - ———T—-

Max.

104.9

.75
20°

11
.20

.18
.131
.123

CICXOXOICKC)

TOGW =

- Design Mach = 0.8

110990 1b

Max Payload (ZFW Limited) - 34402 1b
Design Payload - 150 Pax - 30750 1b
Design Range - with 150 Pax

Payload - 65 LF (98 Pax) - 20090 1b

1250
117.3

APET Wing Planform Families,

‘Range Capability @ 65% LF

1000
104.9

.8
27°30°

11

.20

144
.110
.101

Fuel Capacity - 3820 U. S. Gal.

®
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300 N. Mi. 1000

Figure 3.2-13.

Range - N. Mi.

2000

3000

APET Baseline Aircraft Propfans - Design

Mach = 0.8.

850
96.7




Table 3;2—2.

Design Mission - 1000 NMIL

APET Aircraft Sizing Results.

Powerplant Type Propfan Turbofan
Design Mach No. 0.7 0.75 0.8 0.7 0.75 0.8
Selected (W,/Sy) 115.2 120.5 126.2 115.2 120.5 120.6
Selected LF /W, @ .02M/SL 0.261 0.264 0.268 0.235 0.240 0.249
Wing Sized By: Buffet Buffet Fuel Cap. Buffet Buffet Fuel Cap.
Engine Sized By: Denver TO | Denver TO [ Denver TO | Denver TO | Deaver TO | Denver TO
Resulting TOGW 107309 108845 110986 108036 109305 111970
W, = Takeoff Gross Weight
Sw = Wing Area
Fn = Net Thrust
APET AIRCRAFT FUEL EFFICIENCY
1000 NMI Design Range
65% Load Factor
TP = Turboprop
TF = Turbofan
140 =
=K
/ .
sz ] ™
120 Z .
( .I5M
%2 zaik
/
100 & <
5 e {7
S 8o =
K]
[ Current High
s AN Bypass Ratio
E 60 . .
2 Engine Aircraft
(757-200, 767-200
A310, D®-80)
40
20
0
500 1000

Figure 3.2-14.

Range ~ NMI

APET Aircraft Fuel Efficiency 1000 NMI
Design Range 65% Load Factor.
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Estimates for airplane weights used a projection of a 1972 weight sce-
nario for the airframe (including avionics but less the propulsion system).
This scenario is from a data base contained in the Reference 33 modified by
General Electric, where necessary, to fit the APET airplane definition. From
this data base the "1990's weight" is estimated by applying weight reduction
factors to the principal weight components of the airplane structure and

systems. These factors are shown on Table 3.2-3.

Table 3.2-3. Aircraft Component Weight Estimation.

Weight Reduction
I€)) Factors, 2)
Component/System Reference Weight (Est.) ¢
Wing - Bending Structure Base 0.9
Wing - Shear and Other Str. 0.8
Tail 0.85
Fuselage 0.90
Landing Gear 0.9
Fuel System 1.0
Flight Controls = Hydraulics 0.8(3)
Electrical 1.0(3
Pneumatics and Air Cond. 0.8(3)
Anti~Icing 1.2(3)
Instruments 1.0
Avionics 0.75
Furnishings " 0.9
OWE Items 1.00

(1) w1972 Techology"
- Represents Technology of 727/737/DC9, etc.
- Data base from S.A.I./Douglas Report (Ref 33)
(NASA CR-151970)
- S.A.I./Douglas Formulas - Modified by G.E.

(2} 995 Technology"

= Represents APET Technology

- Estimated using S.A.I./Douglas data base
with Weight Reduction Factors

= 2X Weight Contingency added

= Austere passenger furnishings and
accommodations (because aircraft is
used on short stage lengths).

(3 All Electric Airplane
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3.3 REFERENCE TURBOFAN ENGINE

3.3.1 Definition

A scaled down version of the E3 Flight Propulsion System (FPS) was
designed for this study. Similar to the full-scale engine, the scaled version
employs a single~stage fan and a single stage booster with continuous bleed.
Due to an increase in bypass ratio of the scaled-down engine (from %6.8 for
the FPS to 7.5 for the APET turbofan) the number of LP turbine stages was
increased from five to six. The HP compressor, a l0-stage unit, is retained
as is a 2-stage HP turbine. The combustor has been redesigned from a double
dome configuration to a single dome, low smoke, low emissions configuration.
The engine is installed in a Long Duct Mixed Flow (LDMF) nacelle where a common
fan and core nozzle is used in conjunction with a high efficiency convoluted
mixer. The engine and nacelle cross section is shown on Figure 3,3-1, which
also identifies the differences included relative to the full-scale E3 pro-

pulsion system.

3.3.2 Cycle Selection

To achieve a 4000 pound thrust level at maximum climb thrust level and
Mach = 0.80 flight speed at 35 thousand feet on a standard day plus 18° F, a
sea level static thrust engine of approximately 17,600 pounds results from the
engine defined above. A fan corrected airflow of about 730 pounds per second
and a corrected core flow near 57 pounds per second are required to make the
thrust at a cycle set-up temperature level of 2258° F at the maximum climb
altitude point. A contingency maximum climb temperature of 2490° F is required

in this engine for Denver hot-day performance.

3.3.3 Engine Weight and Dimensions

A basic engine weight of 3,013 pounds was estimated for the APET turbofan
uninstalled. Installed with a mixer, reverser, inlet and other installation
items it weighed 4,453 pounds. A further allowance of 445 pounds should be
added for the wing pylon to obtain a fully installed weight of 4,898 pounds.

The fan selected had a diameter of 59.6 inches and the engine length from
the fan rotor leading edge to the aft flange of the engine rear frame was cal-

culated to be 90 inches.
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3.4 APET TURBOSHAFT ENGINES

3.4.1 cCandidate Engines

Six candidate engines were defined for this study. They are shown in
tabular form on Table 3.4-1. From these candidates NASA/GE selected engines

defined as 2(b) and 3(b) for more detailed design and analysis.

Engines 2(b) and 3(b) have very similar performance and weight. They are

depicted on Figures 3.4-1 and 3.4-2, respectively.

Both engines are 2-shaft gas generators which at the baseline size deliver
13,000 shaft horsepower to the propfan reduction gearbox. As can be noted
from the figures, very similar cycle characteristics are shown despite the
fact that engine 2(b) is an all-axial désign while engine 3(b) employs an
axi-centrifugal compressor system. Either engine could use a 3 or a 4 stage
power turbine depending on the level of technology addressed in a development

pfogram.

3.4.2 Cycle Assumptions

Tables 3.4-2 and 3.4-3 are included to show the cycle comparisons and the
component aerodynamic comparisons of the two selected study engines. The
effects of variation in cycle pressure ratio and turbine gas température on
the size of the APET turboshaft engine is given in Figure 3.4-3. Booster,
core corrected flow sizes are portrayed as booster pressure ratio is varied;
this implies an overall engine-pressure ratio change as a direct function of
boost pressure, Effects on HPT size, maximum take-off compressor delivery
temperature (T3) as well as gearbox shaft horsepower and SFC effects are all
depicted in this figure. Studies of similar cycle effects of parameter
variation led to the final selection of the 1.75 boost pressure ratio and the

Overall Pressure Ratio (OPR) just above 40 to one.

3.4.3 Propfan Variables

The selection of engine cycle parameters required prior examination of

propfan variables, for the uninstalled and installed propulsion systems.

PRECEDING PACE RLANK NOT FILMED 41

PAG!_‘J_QH_,INTENHONALLY BLANK



Table 3.4-1. Candidate Turboshaft Engines.

Low Pressure High Pressure Overall
Case Engine Compressor Compressor HP Turbine LP Turbine Pressure
# Description Stages Stages Stages Stages Ratio
1 Unboosted -0- 10 Axial 2 3 23:1
2~-Shaft
2(a) | Boosted 1, high /R 10 Axial 2 3 38:1
2-Shaft
2(b) | Boosted 2, low r/R 10 Axial 2 Jor 4 38:1
2-Shaft
3(a) | Boosted 1, high /R 5 Axial 2 3 38:1
2-sShaft 1 Centrifugal
3(b) | Boosted 2, low r/R 5 Axial 2 3o0r4 38:1
2-Shaft 1 Centrifugal
*4 Boosted 2, low r/R 10 Axial * * 38:1
*This engine used a single stage HP turbine, a single stage intermediate turbine, and a
3-gstage LP turbine acting to drive the third shaft as a free turbine.

- Axial Flow Compressor

- @Stage Power Turbine

\
| =
[Engine 2(b)]

BOOSTER CORE POWER TURBINE
Veip//B = 9.24 Scaled E° PP = 7.6
r/r = .67 Vrip/ /o = 1498 YPayg = 95
PR = 1.75 PR = 23

Figure 3.4-1. APET Turboprop Gas Generator.
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ORIG™AL F/o v

o
. / =
l,?‘,.
\)
A ¢ :
~
Booster Core (PRgp = 23) Power Turbine
Viip/V0 - 924 Adal - v/ VB - 14 PIP = 1.6
e = L6 PR =112 WPy = -
PR = LT5 Centrifugal - v,/ VO = 1407
PR =323

[Engine 3(b)]

Figure 3.4-2. APET Turboprop Gas Generator Axi~Centrifugal Compressoxm_"
Four-Stage Power Turbine.
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Table 3.4-2. APET Turboprop Configuration Studies.

Cycle Assumption Comparisons

Axi
All Axial Centrifugal
'y At M0.80/35000° + 18°
Thrust 4000 4000
PR Overall 40.2 40.2
T41 - ° F 2390 2390
W/6/8 LP 69.9 70.3
PR1pP 1.75 1.75
n,p Poly/Adia 0.888/0.881 0.888/0.881
AP Gooseneck 1.5% 1.5%
W/8/8 Core 44 .2 44,5
PR Core 23.0 23.0
nc Poly/Adia 0.898/0.848 0.897/0.846
AP Combustor 4.95% 6.0%
NCombustor 0.995 0.995
No. HPT Stages 2 2
WYT/P HPT 6.53 6.65
ne (Cycle) 0.914 0.915
Ah/T LPT 0.101 0.100
P/P LPT 7.6 7.4
nLPT 0.920 0.920
P8/P0O 1.50 1.50
Total Cooling Air 17.0 17.0
Total Chargeable 9.3 9.3
"Prop 0.809 0.809
SFC Base +0.5%
Propeller HP @ 0.8/35K + 18° 6450 6445
Propeller HP @ 0.2/SL + 27° 12500 12500




Table 3.4-3.

APET Turboprop Configuration Studies.,

Component Aerodynamic Comparisons

Axi
All Axial Centrifugal
A) Booster/LP Spool
No. Stages 2 2
wre/s 69.9 70.3
WA/AA _ 39.0 39.0
V Tip 78 924 924
r/r 0.67 0.67
PR 1.75 1.75
B)  Compressor
No. Stages 10 5+1
wre/é 44,2 44.5/8.43
WalApy _ 38.0 38.0/32.3
V Tip/v/6 Axial 1498 1498
V Tip/v/8 Impeller -— 1407
PR 23.0 7.12 x 3.23 = 23
Last Blade Height 0.51" 0.42"
C) HP Turbine
No. Stages 2 2
W/T/P 6.53 6.65
Ah/T 0.086 0.086
P/P 5.14 5.16
¥ Pitch (Avg.) 0.66 0.66
lst Stage Blade Height 1.12 1.13"
D) LP Turbine
No. Stages 4 4
Ah/T 0.100 0.100
P/P 7.6 7.6
¥ Pitch (Avg.) 0.95 0.95
AN2 42.5 * 109 42.5 * 109

Altitude Thrust = 4000 #
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40

1.

Cycle PR, T41 Impact on Pertormance Component Sizes, T3 Levels

e 4000# MyCp Thrust Sized Engines

- c , 2450°F @ T-
2350°F M.C F @ T-0

T41
* = 2450°F M.C, , 2550°F @ T-0
XL
Booster/Core Max T-0 T3 Gearbox HP @ .2/SL
Sizes op
1200 13000
1100 -."“-......
Booster
1000 | A | 12000 1 ]
+100° ) Min 0.8/35K SFC
.50
HPT Size +ll.61
Core 10
& 8 49
(&)
2] = -~1.2% -0.6
\--"‘-..-.__ ® i N ~o
= 6 K .
a ~o0 ! +1002—""
1 - 4 1 1 .48 ] J
1.5 2.0 1.0 1.5 2.0 1.0 1.5 2.0
[ S — Booster PR ————
L 1 ]
M. C 23 34.5 46
XL PROA

Figure 3.4-3. Turboprop Configuration Studies.




Propfan variables of tip speed and disc loading (SHP/D2) for Mach numbers
between 0.70 and 0.80 at altitude were examined. Propfan variables effects on
take-off and climb-out performance were also established. The relative climb
per formance of the competing turbofan and turbopropfan powered airplanes are
shown as Figures 3.4-4 and -5. The conclusion that can be drawn is that the
superior climbout performance (in terms of fuel burned) of the propfan powered
airplane is a potent factor in selecting propfan parameters for the short/
medium ranges of particular interest in the APET airplane analyses. A high
propfan tip speed is beneficial in both takeoff and cruise modes of flight. A
moderate disc loading in the range of 20 to 30 SHP/D2 is beneficial for cruise
performance if diameter and weight effects on the airplane are neglected.
Also, the lower the disc loading, the higher is the value of torque ratio
across the reduction gearbox drive train. (For the same tip speed, a larger
diameter propfan with lower power loading, inevitably requires an increase in

driving torque).

An examination of propfan diameter effects on airplane geometry also shows

disadvantages for the lower loaded propfans:
' Landing gear length (weight) is increased

. Nacelle lateral placement on the wing requires a further outboard
location, giving rise to greater asymmetric thrust moments

° A larger tail volume coefficient is required
. Propfan, gearbox, and installation weights are increased.

A discussion on the evaluation of selection criteria for the propfan disc

1oading and tip speed will be found later in this report in Section 4.4,
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* TF Vs. TP (Thrust in Lbs) Area of Interest for Enroute

e Both Achieve 4000 Lb Installed Thrust  Engine Out Performance
at M= 0.80, 35K, AT, = + 18°F 1
0.60- : A342
0-50- g 9027 [ 6362 _—
Installed S 7385 .1
SFC | Tines o™ 8533 ot~
0.40 T’ 10643 .
(1) oo
Lbs ° v 9‘2?-‘-2""'
Thrust T8
0.301 16414 |
Altitude 5K Ft 10K 15K 20K 25K 30K
SL — | — e | e - -
+27° AT, —» +18°F . : —
0.20- }
0.2 03 04 0.5 055 0.60 0.70 0.80
Mach Number
Figure 3.4-4. APET Installed Climb Path Comparison.
e TF vs. TP (Thrust in Lbs) vs. SHP Area of Interest for Enrout
* Both Achieve 4000 Lb Installed Thrust Engine Out Performance
at M= 0.80, 35K, AT, = + 18°F
0.60-
0.50 -
Installed
SFC

0.40-

0.30-1 12646 I
st ___Altitude 5KFt JOK 15K 20K 25K 30K
1T N T —
0.20- }
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Figure 3.4-5. APET Installed Climb Path Comparison.
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3.5 PERFORMANCE COMPARISONS

Performance comparisons between the uninstalled, and installed, turbofan
and turboprop engine installations addressed the principal factors that con-
tribute additional drag of selected configurations, and for the turboprop
detailed assessments were made for the nacelle shape, engine inlet and exhaust
systems, heat exchanger design parameters for the gearbox air-to—oil cooler
installations, wetted areas and additive drag due to propfan supervelocity
effects. By NASA direction, interference effects betwwen the nacelles and
wings were not included for either form of propulsion systems, because high-
speed turboprop wind tunnel programs at Ames Research Center are still in
progress, and final data is not yet available. Likewise, the beneficial effect

of swirl recovery by the wing was not included at this time, for the same reason.

Uninstalled performance comparisons were based on an estimate that the
APET MCR = 0.80 airplane would require approximately 4000 1b of net thrust at
the end of climb on a hot day, whether powered by turbofan or turboprop
engines. The cycle assumptions used in Tables 3.4-2 and -3 were expanded to
estimates of the take-off and climb performance that could be expected from
both the turbofan and turboprop engines. Table 3.5-1 shows these comparisons
in terms of percent of net thrust available and establishes the potential
superiority of the propfan system all the way from Sea Level Takeoff to the

selected start of cruise altitude point.

For the installed systems, a bookkeeping system was established and
built into the performance computer decks. This system is illustrated by
Figure 3.5-1 which shows the factors, and their magnitudes, for a typical

high speed cruise point.

Table 3,5-1. APET Uninstalled Comparisons.

Ref. TF Base TP
° MO.80/35K + 18° - FN 4000 4000
- SFC Base -10.6%
° MO.2/SL + 27° - FN Base +18.1%
- SFC Base -31.0%
. M0.2/5330 + 52° - FN Base +13.2%
- SFC Base =31.7%
° M0.6/20000 ft + 18° - FN Base + 8.0%
- SFC Base ~16.47%
*Denver, Hot Day Takeoff.
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3.6 GEARBOXES

The attributes considered to be most desirable (not necessarily in the

order of importance for ranking purposes) are as follows:
1. High efficiency of torque transfer
2. Low weight for the tranmsmitted torque
3. Initial Price. (Here simplicity is a great virtue)
4. Reliability (The same comment as for 3 above).

Building from an established data base, a number of candiate gearboxes,

both in-line and offset configurations, were preliminary designed and screened.

It is appropriate at this point to emphasize the contribution that is
made to gearbox size and weight reduction, by the use of the propfan. If the
thrust of a conventional propeller were scaled up by a factor of tem, the

gearbox torque would of necessity be scaled up by a factor of ten times the

.square root of ten. The high tip speed and power density (SHP/DZ) of the

propfan allows a reduction in torque by a factor of 1/2.63, and thus the prop-
fan dedicated gearbox greatly benefits from a lower stage ratio and a reduced
torque. This is illustrated in Figure 3.6-1 where all the factor differences

between a conventional propeller's effects on gearbox sizing are shown compar-

atively with the requirements for a propfan gearbox.

3.6.1 Gearbox Selection

From the slate of candidate gearboxes, both an offset and an in-line

gearbox were selected for further requirements including weight and cost

estimating. All of the gearboxes that have been considered, including the

two that were selected for further efforts, are fully described in Section 4.6

of this report.

The offset gearbox was estimated to weigh 1068 lbs and the in-line gearbox

was estimated to weigh 94 1bs more. Both these estimates are likely to be
reduced with further efforts that are scheduled in the APET follow-on tasks

that have been contracted by NASA, and which will be reported late in 1984,

CTTIITRTRISY DA T .y Y ORI
CRECEDING PAGE BLANK NOT FILMED

N
EAGL:):L!NTENHONALLV BLANK

55



56

Effect of Scaling & Propeller Technology
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Figure 3.6-1. APET Gearbox Study.




3.6.2 Gearbox Materials

For this study, main drive gear materials of Vasco X2 Mod or equivalent
have been selected. Bearings are of M50 alloy and titanium alloys have been
used, where possible for main shafts. Auxiliary gears to drive the lubrica-
tion system, the power offtake for aircraft accessories and the like are
selected from AISI 9310 material. The main housings have been estimated, at
this time, in cast aluminium metal. Magnesium alloys and/or titanium fabri-
cated housings will be considered in the further refinements of the current

designs.

3.6.3 Condition Monitoring

Effective vital function, as well as diagnostic, instrumentation will be

needed in the future turboprop gearboxes. Information processors can fault

isolate to a line replaceable unit (LRU). The follow-on APET studies will include

a substantial effort to select and define critical sensors, sensor technologies,

processing and memory units, and an interactive system which is capable of being

interrogated and monitored by the Full Authority Digital Engine Control (FADEC).

3.6.4 Lubrication

Current US turboprops use shared oil systems with the engine gas genera-
tor. The selection of the oil for this system has historically been made in
favor of the synthetic oils that perform best in the hot bearing environment
of the turbine stages of the engine. For APET, higher viscosity oils with
boundary additives have been evaluated using the TELSGE Computer Program
(Reference 42). This, with other analytical techniques, has suggested that a
good balance of physical properties, cost and near—term availability may be
afforded by the use of an Emgard EP 75W-90 (Frigid-Go) formula. This type
of lubricant, in a non-shared oil system i.e. one dedicated to the propeller
gearbox alone, has good potential to improve both load-carrying capabilities
of the gears, and increase the scoring life factors. Coupled with superior
filtration systems, modular gearbox construction, suitable functional instru-
mentation etc. the future for high torque gearboxes reliability will be

greatly improved relative to existing gearboxes.
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3.7 NACELLES, AND NACELLE TECHNOLOGY

An historical survey was made of a number of previous installations of
turboprop engines., Installations of the later T-56 models and those of the
Roll-Royce 'Tyne'" engine are of particular interest because they represent the
highest horsepower installations made by airframe manufacturers in the Western
World. The survey showed a number of limiting factors if airplane speeds are
projected into the Mach 0.70 to 0.80 range. Nacelle design technology for

APET type performance is a key technical issue.

3.7.1 Geometric Selection

Apart from the NASA sponsored RECAT studies carried out in the middle
nineteen-seventies, there have been only a limited number of reports that
assist in the process of selecting the nacelle geometric location. NASA Ames
wind tunnel program for high speed nacelle research on a swept-wing is of
particular importance, and the results from the NASA tests have been used to
justify the nacelle types and locations reported in this study. Fore and
aft location for an on-the-wing nacelle is by no means an established
science with well understood ground rules. Likewise, the spanwise location
is equally uncertain with regard to secondary effects such as cabin noise
(and sound attenuation weight penalties), asymmetric thrust and drag, ground

clearance criteria and the like,

Figure 3.7-1 illustrates one of the models that have been used in the
NASA high-speed wind-tunnel program while Figure 3.7-2 shows the entire
family of nacelles and locations that have been considered during this APET

study.

At this time there appears to be no front running favorite arrangement
for location or for nacelle type. Further efforts will be required before

a well-based decision of geometry could be made.

3.7.2 1Inlet Studies

Both single and dual offset inlet designs have been analyzed. The first
was used with an offset gearbox propulsion system arrangement while the

second was used with an in-line configuration.

61

- Lo WY AT ORIV AT AT
i“‘,-”‘L‘(‘L'.T‘EI\fQ CTAGE miasatds TICT i WD)

mc%xmzwnomuv BLANK



Sl CP02) JKTiong

(agarfyerv dr=aeres)

e Ry M

SRicHaL PAEL
NF POGR Qw\w”

- wy
oy

Figure 3.7-1. Model Configuration Used in a Wind Tunnel Program.
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The estimated performances of these inlets were very close to each other
and other factors than aero performance and recovery would have to be used
before a selection could be justified. Both these inlet designs are reported

in detail in Section 4.7 of this report.

3.7.3 Exhaust Nozzles

These were analyzed on both an uninstalled and an installed basis, with
considerations of boattail angle and flow suppression being taken into effect.
The low pressure ratio turboprop exhaust system finally selected was based on

a 10° boattail angle and a fully submersed nozzle plug.

Although adequate analytical data is available for the level of effort
required by this study, more detailed analyses and model tests would be

required in any definitive propulsion system design.

3.7.4 Nacelle Designs

'These consisted essentially of taking the engines and gearboxes previously
selected, coupling them with the preferred inlet and exhaust systems and com-—
bining them with faired contours to enclose the overall selected propulsion
system. Considerations of the wing effect on nacelle contouring and the
close-out geometry dictated by an under-the-wing installation are illustrated
and described in Section 4.7 of this report. Nacelle drags estimates were
made using conventional techniques for both friction and pressure drags

including the super velocity effects in the propfan wake.

3.7.5 Engine and Gearbox Dynamic Suspension

All turboprops must be analyzed through dynamic ranges for the purposes
of reducing propulsion system induced vibration (isolation techniques) as
well as the safety aspects for whirl-flutter stability. The engine systems
and nacelle designs included in this report are all believed to be capable of
lightweight suspension dynamics in a design program that includes the full
aerodynamic characteristics of the propfan and the nacelle and wing elasticity

values.
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It is expected that the APET follow-on contract tasks will include some
dynamic considerations, and efforts will be made to identify some technical
approaches to suspension dynamics that have the potential of major improvements

relative to conventional elastomeric supports.

65



Figure

3.8-1.
3.8-2.

3.8-3.

3.8-1.

3.8-2.

SECTION 3.8

MISSION ANALYSES AND RESULTS
FIGURES
APET Aircraft Fuel Efficiency.

APET Economic Results - Baseline Cases.

APET Result - Fuel Burn vs. Technology vs. MXKCR vs. Range,
65% Load Factor.

TABLES

APET Study Results - Description of APET Baseline Aircraft.

APET Aircraft Noise Levels.

PRECEDING PAGE BLANK NOT FILMED

ﬂ“‘gﬂ.mammmm BLANK

71

70

72

67



PRECEDING PALCL BLAL

3.8 MISSION ANALYSES AND RESULTS

All six APET airplanes (three turbofan powered and three turboprop
powered) were optimized in terms of gross weight, wing loading, thrust-to-
weight ratio for the design mission - 150 passengers at a 1000 N. Mi range.
Also each design was optimized for its propulsion type and for its selected

flight Mach number.

Three measures of merit were considered; fuel burn, available seat miles

per gallon (ASM/GAL) and direct operating cost (DOC).

Off-design characteristics in terms of assumed airplane weight and range
were also considered, as was a reduction of the selected aspect ratio of 11

down to 9.

A summary of the point design airplanes flying with a 65% load factor
(LF) is presented on Table 3.8-1, while Figure 3.8-1 shows the ASM/GAL values
versus range for the same LF. The design point cases for the DOC of both the
turbofan and turboprop aircraft are depicted on Figure 3.8-2, where also are
shown the effects of an off-design case — the Mach 0.80 designs being con-
strained to fly at a cruise Mach of 0.70 and an altitude comparison between

operating at 30 and 35 thousand feet.

Figure 3.8-3 describes the levels, or steps, of technology that are
estimated to take an airplane using 1972 weight technology and having a design

range of 2000 N. Mi all the way to the final selected values of the APET air-

planes.

Also as part of the mission results, estimates were made of the acoustic

signature of three of the APET airplanes. These were:
1. The Mach 0.80 Turbofan
2. The Mach 0.80 Turboprop
3. The Mach 0.70 Turboprop

Using NASA and SAE data for the propfan noise and an established base from other
sources for the engine component noise and airframe noise, the takeoff, cutback,

sideline and approach noise levels were estimated. A summary of these results
is shown in Table 3.8-2.
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Table 3.8-1.

Baseline Aircraft.

APET Study Results - Description of APET

Propulsion Type Turboprop Turbofan
Design Mach No, 0.70 0.75 0.80 0.70 0.75 0.80
Design Range (100Z LF) - NMI 1000 1000 1000 1000 1000 1000
TOGW - lbs 107309 108845 110986 108036 109305 111970
Wing Area - fe2 932 903 879 938 907 929
PnSLS - lbs - - - 15853 16381 17410
SHP - hp 10720 10998 11390 -— - —
Prop. Dia. - ft 12.15 12,335 12.55 —-— -—— —
Fuel Capacity - US Gal 3630 3715 3820 3950 4020 4140
O.W.E - 1lbs 63120 64082 65488 61692 62483 64388
Fuel Burn - 1000 mmi (65% LF) 7063 7313 7618 8204 8397 8746
Fuel Burn - 300 mmi (65X LF) 2799 2855 2922 3412 3458 3578
ASM/Gal - 1000 nmi (65% LF) 142.3 137.4 131.9 122.5 119.7 114.9
ASM/Gal - 300 mmi (65X LF) 107.7 105.6 103.2 88.4 87.2 84.3
APET AIRCRAFT FUEL EFFICIENCY
1000 NMI Design Range
65% Load Factor
TP = Turboprop
TF = Turbofan
.M
140 /// ggﬂ
LT ™
120 .
- .15M
%/ / [ 41 .8M
TP {-
100 1 /ﬁé/
3 [TF {
2 8o L /
:‘g Current High
1
= @ m Bypass ht%o
2 60 ﬁ Engine Aircraft
(757-200, 767-200
A310, DCI-80)
40
20
0
0 500 1000
Range ~ NMI

Figure 3.8-1.

APET Aircraft Fuel Efficiency

1000 NMI Design Range 657% Load
Factor.
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Table 3.8~2. APET Aircraft Noise Levels.
0.8 Mach 0.8 Mach 0.7 Mach
Turbofan Turboprop Turboprop
TOGW = 111,970 lbs TOGW = 110,986 1bs TOGW = 107,309
FAR Estimated FAR Estimated FAR Estimated
36 Level Margin 36 Level Margin 36 Level Margin
Condition | (EPNdB) (EPNdB) | (EPNdB) | (EPNdB) | (EPNdB) | (EPNdB) | (EPNdB) | (EPNdB) | (EPNdB)
Takeoff 89.3 85.8 3.5 89.3 90.5 -1.2 89.1 90.2 -1.1
Cut Back 89.3 85.3 4.0 89.3 88.9 0.4 89.1 88.7 0.4
Sideline 95.4 91.3 4,1 95.4 95.4 1.9 95,2 93.2 2.0
Approach 99.3 94.9 4.4 99.2 97.2 2.0 99.1 96.7 2.4

In addition to far field noise estimates, values were calculated for the

sound pressure level at the fuselage wall.
then applied which determined an "A" weighted interior SPL.

used and the results obtained are discussed in Appendix II.

levels are estimated to lie within the desired value of 82-84 EPNdB.

A cabin wall transmission loss was
The methodology

Interior noise

It can be noted from the farfield values presented in Table 3.8-2 that

the APET airplanes will all meet the current (Stage 3) noise regulationms,

using cutback at takeoff.
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4.0 TOPICAL DISCUSSION OF THE STUDY

4.1 GROUND RULES

4.1.1 Study Procedures and Assumptions Document (Reference 23)

The APET study technical analyses were preceded by the creation of an
interim report with the above title. This report was submitted to NASA in
April 1982, for approval by the Project Manager, which approval was duly
obtained. The document outlined the methodology that would be used to analyze
many of the technical parameters that were to be addressed and reported on

throughout the study period.

General Electric discussed the methods being proposed with three princi-
pal Aircraft Design Companies to further ensure that a rational base set of
assumptions would be followed by equally rational analytical efforts. Many of
the suggestions made by these companies were followed where possible, although
for some issues such as "Fuel Price Forecasting" General Electric elected to
use in-house data and forecast values, while for others such as "propfan

source noise," General Electric relied on data provided by Hamilton Standard.

The following sections summarize the "Study Procedures and Assumptions
Document" and for the interested reader the results of the analyses are con-

tained within Sections 4.2 through 12, and in the three Appendices.

4.1.2 Historical Survey

In Section 2 (Introduction) of this report, Table 2-1 has summarized some
of the larger twin-engined turboprop airplanes that have seen significant num-
bers built and a large total of operating hours accrued in either military or
commercial service. Using conventional, current, technology levels for the
airplane and engines it was postulated that the APET turboprop airplanes might
weigh in the neighborhood of 130,000 pounds (TOGW) and require engines each of
10,000 SHP for MCr equal 0.70 and 14,000 SHP for MCr equal 0.80. For the
benefits in weight that were predicted due to advanced technology airplanes

and engines, it was to be expected that these values might be reduced somewhat
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through the study activities. The values being quoted here are for the 150
passenger size with a maximum payload/range point designed for 1000 nautical

miles.

In order not to delay the design activity start point, General Electric
decided to design a "baseline'" system at the 12,500 SHP level and determine
what are the valid scaling factors for the engines and transmission systems

. that result from changes (up or down) from the baseline level.

The airplane size (150 passenger), the design maximum payload range point
(1000 nautical miles), the initial cruise altitude of 35,000 feet, the runway
length of 6,000 feet, plus other factors affecting engine thrust and airplane
wing sizing were all catalogued in an abbreviated airplane specification that
was submitted to NASA. This specification, which has already been shown as
Table 3.2-1 in the Program Overview will not be duplicated here. However,
for those interested, a more detailed summary of historical data on 2 and 4-
engined turboprops is shown on Table 4.1-1, while Figure 4.1-1 is included
to show where the APET baseline was expected to lie at 130,000 pounds TOGW and
2 x 12,500 SHP propulsion systems. It is clear that the APET family of turbo-
prop designs, because of their high cruise Mach number, are in a class that is

substantially different from previous experience.

4.,1.3 Operating Costs

Three methods of estimating Direct Operating Cost (DOC) were exercised
"during the APET studies. They were:

1. Eurac method (Reference 31)

2, Boeing modification of the ATA method (Reference 32)

3. NASA TM 80196 dated January 1980, "Computer Programs for Estimating
Civil Aircraft Economics." (Reference 30)
All three programs outputs were compared when using identical inputs and
the resultant values were judged to be very similar. Because of general accep-
tance by the U.S. Airline Industry, the Boeing modified ATA method, updated to

1981 economic parameters, was selected for this study.

Fuel price forecasting for the 1990 time period relied on data from a

number of sources including Government Agencies, Oil Industry projections, and

76




Table 4.1-1.

Historical Summary Turboprop.

Total TOGW Maximum Payload | Maximum Distance
Aircraft No. Engines and | Installed, 1bs Distance, Full Fuel,
Type Engine Type shp No. PAX | X1000 N. Mi. N. Mi.
CL44D4 4 Tyne 12 22920 160 210 2900 4850
Britannia 320 4 Proteus 765 17800 139 185 3620 4530
Vanguard 951 4 Tyne 506 19940 115 135 1800 2620
Electra L188 4 Allison 501 15000 99 116 1400 2690
Viscount 800 & Dart 525 6960 71 64.5 1120 1670
Convair 600 2 Dart 542 6050 56 57 390 695
NAMC YS-11 2 Dart 542 6120 60 51.8 770. 1725
HS 748 2B 2 Dart 536 4560 60 46.5 1367 1867
HP Herald 700 2 Dart 532 4260 60 45 625 1675
HS 748 Series 2 | 2 Dart 531 4210 58 44.5 1000 1780
Fokker F-200 2 Dart 532 4460 48 43.5 1610 1610
Russian Commercial Variant of "Bear" Bomber
TU 114 4 Kusnetsov 48000 220 414 ?

9000
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Figure 4.1-1.

Conventional Turboprop History.



economic forecasts long used by the General Electric Company. Figure 4.1-2
shows the scatter or variability that results from these data sources. Follow
ing discussions with the NASA program office it was decided that a base price

of a $§1.50 per gallon £0.50 would be used in the ensuing analyses.

Unit aircraft flyaway prices were proposed by dividing the aircraft into

two categories:
1. Airframe (including Avionics)
2. Propulsion

Estimating relationships were devised to permit airframe price variation
as a function of size and for this the data contained in the following reports

was used:
™ Douglas Aircraft Company, Inc. report. (Reference 33)
. Society of Allied Weight Engineers Paper. (Reference 25)

- These data are summarized in Figure 4.1-3.

General Electric proposed to use in-house data for engines, gearboxes,
and nacelles and Hamilton Standard data for the propfan and controls. In-house
data and methods were also to be'applied to those costs associated with mainte-
nance actions and spare parts pricing, with the exception of the propfan where

Hamilton—-Standard data was used.

4.1.4 Acoustics

General Electric considered two types of acoustic environmental con-
straints: (1) those that are based on regulations in force at the time of the

study (1982), and (2) those that are anticipated by 1995.

For (1) above, FAR 36/Stage 3) is applicable while for (2), guidance was
sought from the activities of the International Civil Aviation Organization
(ICAO0) under working group C, and also some of the activities reported by the
Society of Automotive Engineers (SAE) Committee A-21. These regulations that
are either in force or are anticipated, apply to the noise levels exterior to
the airplane. For interior noise acceptability levels it was proposed that
informal discussions were held with appropriate Government and Industry per-

sonnel. These discussions determined that there are no mandatory requirements
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Figure 4.1-2, APET Fuel Price Forecast.
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that covers interior noise levels and that the major commercial aircraft
design companies actually negotiate the levels that are guaranteed to the
customer via the airplane model specification that is being proposed prior
to a sale. Because of this lack of a mandatory requirement it was thought
that interior noise levels of 82-84 dBA would appear to satisfy the study

objective.

4.1.5 Emissions

The current standards for newly certified large engines have been issued
by the U.S. Environmental Protection Agency (EPA) and cover permissible levels
of HC, CO, NOy, and smoke number for engines above 8,000 pounds thrust as
published in the Federal Register dated July 17, 1973. The EPA also has
developed prescribed cycles for emissions calculations which allocate fixed
time levels for the taxi-idle, takeoff, climbout, and approach parts of the
flight regime. On March 24, 1978, some proposed revisions to the earlier
publication were contained as a Notice of Proposed Rule Making (NPRM) where
SI units were introduced for the new standards. Table 4.1-2 provides the cur-
rent standards for newly Certificated large engines and Figures 4.1-4 and -5
illustrate the smoke emission standards to be met by turbojet/turbofan engines
and turboprop engines respectively. Table 4.1-3 summarizes the regulations of
time-in-mode at percent rated power while Table 4.1-4 summarizes the revisions
proposed for particulate emissions and Smoke Number in International Standard

Units.
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Table 4.1-2. Current Standards - Newly Certified Large Engines.
(Federal Register — July 17, 1973)
Large Turbojet/
Turbofan Engines All Turboprop
(>8000 1b Thrust) Engines
HC 0.4* 4.9*
co 3.0% 26.8*
NOx 3.0% 12.9*
Smoke No. (Fig. 4.1-4) (Fig. 4.1-5)
*Lbs/1000 1b-Thrust Hrs/Cycle
*Lbs/1000 HP-Hrs/Cycle

Table 4.1-3. Current EPA Prescribed Cycles for Emissions

Calculations.

Time-in-Mode at Percent Rated Power

Turbojet/Turbofan Engines | Turboprop Engines

Time, Power, Time, Power,

Mode minutes percent minutes percent
Taxi-Idle 26 * 26 *
Takeoff 0.7 100 0.5 100
Climbout 2.2 85 2.5 90
Approach 4.0 30 4.5 30




4Smoke Number

50
40 P Maximum Allowable
Smoke Number
30
20 -
10 ™~
| | | | |

10 20 30 40 50 60
SLTO Thrust (1000 1bs)

Figure 4.1-4. EPA Smoke Emission

Smoke Number

Standards-Turbojet/
Turbofan Engines.

30 Maximum Allowable

Smoke Number
40

20 -

| | | | |
1 2 3 4 5 6
Engine Rated Power (1000 SHP)

Figure 4.1-5. EPA Smoke Emission
Standards~Turboprop
Engines.
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Table 4.1-4.

NPRM Standards - Newly Certificated Large

Engines.

(Federal Register - March 24, 1978)

Large Turbojet/
Turbofan Engines
(>27 kN Thrust)

Large Turboprop
Engines
(>2000 kW Power)

HC
co
NOx
Smoke No.

3.3%
25.0*
33,0%

79* (kN Thrust)-0.265

0.045**
0.34**
0.45**
277* (kW Power)-0.280

*Grams per Cycle/kN Thrust

**Grams per Cycle kW Power
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4.2 THE APET AIRPLANE

4.2.1 Configuration and Size Selection

The APET airplane is an advanced technology commerical 150 passenger size
design which could be introduced into service circa 1995. There are two basic
series, each of which has three variants. These two series are:

1. A turbofan powered airplane with 7.5 bypass ratio engines installed

in Long Duct Mixed Flow (LDMF) nacelles

2. An advanced turboprop powered airplane with Hamilton-Standard 10

bladed propfans driven by high-pressure ratio turboshaft engines.

The three variants are the results of the variation of the design cruise Mach
number which was set at M=0.70, 0.75 and 0.80. All the designs are of conven-
tional low wing layout with engines installed on the wing. All the airplanes

are twin engined,

Overall design goal is to keep the aircraft weight to a minimum, which
is consistent with the fuel-efficient performance goals that are the object
of this study. Consequently, as indicated in the Introduction (Section 2)
the design stage length for maximum payload is set at 1000 n. miles. The
selection of the APET design stage length has also been discussed in Section
3.2, where a number of factors have been enumerated and displayed to show the

reasons chosen for the size and missions of the APET airplanes.

Aircraft designs were created using a data base largely composed of NASA
contractor reports. Early in the design process, some different preliminary
design groups were briefed on assumptions being used. Many of the comments
and suggestions received during these briefing sessions were utilized to
improve the design process and to produce a more credible design. The resul-
ting series of designs is felt to be representative of a design capable of

initial operation in the 1990's.

The fuselage contains a passenger cabin having a single aisle layout
with all-tourist, six—abreast seating. Seat pitch of 32 inches has been
selected for consistency with the operational short haul role. Galley, lava-

tory and other specialized passenger amenities are held to a minimum of bulk
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size and weight - also consistent with short—haul operation. Underfloor

cargo space is restricted to an allowance for passenger luggage plus space

for up to 5000 pounds of cargo. A two-crew cockpit is assumed and standard
provisions for flight attendants are included. These design objectives result
in a fuselage which is circular in cross—section with a diameter of 154 inches
and overall length of 117 feet 6 inches. Figures 4.2-1 and 4.2-2 are included
to show the airplane 3-views for the turbofan and turbopropfan powered air-—
planes respectively. The figures are restricted to the competitive airplanes

suitable for MCR of 0.80 in both cases.

A "family" of wings has been created to match the cruise Mach number
selection and these are shown in Figure 4.2-3. It may be noted that all wings
have the identical aspect ratio of eleven. The wing family has a fixed plan-
form for each Mach number and the area was selected after computer synthesis
of the optimum wing loading. Wing planform is selected to provide space for
landing gear when retracted. Spanwise variations of thickness-to-chord ratio

were chosen to be a compromise among several pertinent considerations includ-

ing:
] Structural weight
° Drag in cruise mode
) Fuel volume

. Landing gear storage

All wings achieve performance levels associated with supercritical aero-
dynamics. All aircraft fuel is carried in integral tanks within the wing
structural box, including that portion of wing in the fuselage carry-through

region.

Figure 4.2-4 presents a 3-view of the propfan—powered aircraft designed

for 0.7 Mach number.

Tail design is conventional. Horizontal tail size is based on a tail vol-
ume coefficient consistent with the type of flap system used, and is also based
on the use of a relaxed criteria for stability and control employing a neutral
type static margin. Vertical tail sizing is based primarily on the effects of
yawing moments caused by engine out - asymmetric thrust conditions. Dual-

hinged rudder systems are not used, although they may make an effective trade
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APET WING PLANFORM FAMILIES

h - -~ _—
AREA (SQ FT) 1250 1000 850 1250 1000 850 1250 1000 850
SPAN (FT) 117.3 104.9 96.7 117.3 104.9 96.7 117.3 104.9 96.7
MACH NO .7 .75 .8
(+] [+ (o]
SWEEP (Ac“)_Deg 10° 20 _ 27930
ASPECT RATIO 11 11 11
TAPER RATIO .20 .20 .20
ROOT t/c .20 .18 144
WING BREAK t/c ' .18 131 .110
TIP t/c .15 .123 .101

Figure 4.2-3. APET Wing Planform Families.
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study especially for the propfan propulsion system. Figure 4.2-5 gives a sche-
matic representation of the relationships that have been used in sizing the

tail surface areas.

The selected landing gear is of conventional design in that the nose
gear retracts forward into the bottom fuselage and the main gear retracts
sideways into an area aft of the wing box in wing and the fuselage, below the
passenger floor. Standard size criteria applies to wheels, tires and brakes
and an anti-skid system would be standard as also would be the use of carbon-
carbon brakes heat sink material. Landing gear length is computed differently
for the turbofan powered airplane compared to the turbopropfan powered air-

plane and gear weights are adjusted accordingly.

Obviously there are substantial differences in the selection of nacelle
designs for the two competing propulsion systems and these are discussed in
detail in Section 4.7 of this report. It suffices to say here that the para-
meters used to locate the turbofan nacelle are conventional and that the tur-

bopropfan nacelles location use a compromise between:

e cabin noise (and associated additional acoustic treatment weight)
e Engine-out asymmetric thrust

e Propfan tip to wing clearance for low 1 x P excitation factors.

(The 1 x P excitation factor is a product of uneven distribution
of flow through the propfan actuator disk. It is exhibited as a
cyclic force applied to the propfan drive shaft giving rise to cyclic

bending moments.)

Estimated nacelle drag characteristics included in the airplane perform-

ance analysis are also discussed in Section 4.7.

4.2.2 Aerodynamic Assumptions and Criteria

The APET airplane aerodynamic assumptioné and criteria are conventional
with the possible exception of the supercritical airfoil selected for a wing
with an AR of eleven. Drag levels are based on skin-friction and form drag
values that are exhibited by current transport aircraft designs. A time
sharing computer program has been used to calculate the drag of the various
components (i.e., wing, fuselage, tail, etc.). Nacelle drag is included in
the calculation although in the bookkeeping system used in this study, nacelle
drag was debited to thrust produced in the engine performance computer

programs. 93




HORIZONTAL TAIL VERTICAL TATL
vy _
v
1.1 Voo
4
s X = Spanwise loc. of engine
0 ’ thrust line
3.5 0 0.4
c F X
( LHax) LDG. : (“).ZMX__
Vo b/2
S . . 2
TH = Horizontal tail area, ft
lTH = Distance of 1/4 chord of horizontal tail
from aircraft center of gravity, ft
Sw = Wing area, ft2
MacW = Wing Mean Aerodynamic Chord, ft
CLMax = Lift Coefficient with flaps at landing
LDG position
S. _ . , 2
TV = Vertical Tail Area, ft
1 ‘ . .
TV = Vertical Tail Length, ft
b = Wing span, ft.
Fn oM Thrust of one engine at takeoff power
' at 0.2 Mach flight speed, pounds
X = Distance of the thrust line from the
aircraft fuselage centerline, ft
WO = Takeoff gross weight, pounds
Figure 4.2-5. Tail Sizing Criteria.
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Although the selected aspect ratio of eleven is high in comparison to cur-
rent aircraft with swept wings, it was considered to be a realistic value for
an advanced, post 1990, airplane design. Unusual features such as natural lami-
nar flow wings, "winglets", or cranked wings have not been used; and the objec-
tive is clearly to improve takeoff, climb and cruise specific fuel consumption

values within a comparatively simple framework of advanced technology.

The high 1ift systems use flap configurations that are based on recent
NASA Airframe Contractor studies and typically exhibit maximum C; levels of
2.5 and 3.5 for the takeoff and landing configurations, respectively. Low
speed drag estimates for second-segment climb calculations have been based on
a relationship curve of L/D/ VAR vs cL/ VAR presented by Torenbeek in his
book, "'Synthesis of Subsonic Airplane Design," (published in Delft in 1976)
as updated by recent NASA data. A presentation of these parameters is included
as Figure 4.2-6 which provides the data for the variation in the expected
APET airplane climbout drag characteristics as the wing flap angle selection
is also varied. The values for aircraft low-speed drag obtained from the
figure represent second-segment climb conditions with symmetric powerplant
operation. For purposes of engine sizing, in second-segment engine-out
configuration, additional drag was estimated for windmilling engines or
feathered propeller and for the deflected flight controls necessary to maintain

selected heading.

Overall, it is believed that the aerodynamic assumptions and criteria are
representative for the quoted time period and may well be improved on as more
advanced concepts and technologies find their way into future production com-
mercial airplanes. In any event, this study shows that for equivalent air-
frame technology assumptions for both the turbofan powered airplane and the
turboprop fan powered airplane the difference in aircraft performance is vir-
tually a constant at identical ranges. Thus, the absolute values used in the
aerodynamic assumptions are of lesser significance than the necessity for

ensuring comparable technology levels for the two competing propulsion systems,

Buffet limits for cruise operations are based on a compilation of flight
data on 15 subsonic transport and military cargo aircraft. Curves used in
analysis are presented in Figure 4.2-7. The normal 0.3g margin is assumed for

cruise operating conditions.

95




Symmetric Flight - Flap Setting Varies-Turbofan Aircraft

(L/D)@v 6.0
2 (L/D)
hagpe——— @v2 = Aircraft 1ift to drag ratio with
Vv AR takeoff flap setting, all engines
operating at the minimum allowable
climbout speed. Landing gear
retracted, symmetrical flight.
AR = Wing aspect ratio.
5.0 =
CL (] V2 = Operational 1ift coefficient, etc.
4.0 L.
3.0
<. e v2
2.0 | | [ L2
.3 4L .5 .6 .7 Vv AR

Figure 4.2-6. APET Aircraft Low-Speed L/D Characteristics.
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Figure 4.2-7. APET Assumed Buffet Limits.
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4.2.3 Performance Objectives

The general ground rules discussed in Section 4.1 are combined with
definitive aircraft specifications and listed in Table 4.2-1. The basic phi-
losophy was to define an advanced technology aircraft operating under flight
and economic conditions as are known today (i.e., runway lengths, certifica-
tion requirements, speed limits and stage lengths). A specific requirement
was the full-payload design stage length and this was chosen to be 1,000 N.

miles. The APET aircraft was designed to this basic stage length.

Table 4.2-1. APET Aircraft Study Guidelines.

Field Length (Sea Level)
Alternate Field Length

Engine-Out Ceiling
Design Cruise Mach Number

Required Cruise Altitude
Capability

Maximum Approach Speed
Number of Engines
Engine Location
Propulsion Types

Cruise Speed/Altitude

Takeoff Gross Weight

Wing Design

Wing Aspect Ratio

Measures of Merit

" Aircraft Technology/Timing - Service Introduction after 1990
Maximum Number of Passengers - 150
Passenger Arrangement = All Tourist Class, Six-Abreast, 32" Pitch
Design Range Capability 1000 N Mi
(Full Payload)
Average Stage Length 300 N Mi

6000 Ft (Sea Level) at Maximum TOGW

Denver (Hot Day); Weight for Trip to
San Francisco (100% LF)

15,000 Ft
Varies: 0.7 to 0.8
35,000 Ft - Design Range Mission

135 Kts. (At MLW = 0.975 x Maximum TOGW)
2

On Wing

Turbofan and Turboprop (Propfan)

Will Vary with Design Mach and Stage
Length

Variable (Fall-Out)

Sweep and Thickness Varies with Design
Mach

11 (For All Values of Design Mach No.)

Maximum TOGW
Fuel Burn at 300 N Mi Stage Length
DOC at 300 N Mi Stage Length
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The "basic" stage length choice is significant. A very long stage length
(relative to PAX and Cargo) provides flexibility in extending the aircraft to
high revenue through flights. However the built-in weight penalties for this
capability reduce revenue on the more popular (high load factor) short range
flights. A study of current and past North American Air traffic indicates that
the most economically viable aircraft would have a "basic" range of 1000 N.
miles with high usage in the 300 N. mile stage length range. Using the maximum
load "basic" range of 1000 N. miles as an aircraft design criteria sets the
fuel capacity and weight of the aircraft. The off-design performance resulting
from fuel efficiency enhances the flexibility of the aircraft. As shown in
Figure 4.2-8, a 1000 N.M. A/C can have a profitable operation in the 300-1000
N. mile range at full capacity with a "return to base" or supplemental route

capability of approximately 2500 N. miles with a 65 percent payload.

Assuming the "Basic" 300-1000 mile duty cycle passenger amenities and
services can be scaled down appropriately (as opposed to a 4 hr. trans-
continental flight). The basic OEW Items assumed for this purpose are shown
in Table 4.2-2.

Table 4.2-2. APET OEW Items — 150 PAX.

(Pounds)
Flight Crew (2) 340
Cabin Crew (4) 520
Crew Baggage 130
Briefcases 50
Food, Bevc.erages } 1100
Food Service Equipment
Potable Water 150
Toilet Chemicals 40
Misc. Cabin Equlpment} 300
Wash Water
Emergency Equipment 300
Unusable Fuel 250
Engine 0il 170
Bins for Baggage 750
4100
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Payload
- 1bs

40,000

30,000

20,000

10,000

APET BASELINE AIRCRAFT
Propfans - Design Mach = 0.8

Max. TOGW = 110990 1b

Max Payload (ZFW Limited) - 34402 1b
Design Payload - 150 Pax - 30750 1b
Design Range — with 150 Pax

Payload - 65% LF (98 Pax) - 20090 1b

Range Capability @ 65% LF

@OO®OOO

Fuel Capacity - 3820 U. S. Gal.

ZFW = Zero Fuel Weight

®

100% LF

65% LF

-

Figure of Merit
Range Evaluation
Point

A4--—--7---

300 N. Mi. 1000 2000 3000

Range - N. Mi.

Figure 4.2-8. APET Baseline Aircraft Propfans - Design
Mach = 0.8.
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A perspective of assumed 1995 APET technology relative to established
technology is in order. Table 4.2-3 enumerates the magnitude and chronology

of technology relative to the selected APET airplane parameters.

Table 4.2-3. Technology Study Effects of Varying Technology Assumptions.

Percent Fuel Burn Percent Fuel Burn Percent
Engine Aicframe | Airframe | Design Reduction | 1000 NMI Reduction 300 NMI Reduction in
Code | Technology Aero Weight Range TOGW In TOGW (65% LF) in Fuel Burn | (65X LF) Fuel Burn
1 CP6 AR = 9 1972 2000 | 155606 12949* 5335%
>1.7 >18.0 >18.2
2 “APET" AR =9 1972 2000 143583 10613 4361
>1.8 > 3.7 > 2.6
3 “APET" AR = 11 1972 2000 140860 10131 4222
9.6 >17.1 > 7.6
4 “APET" AR = 11 1995 2000 125823 9212 3818 -
>8.9 > 3.6 > 4.5
5 "APET" AR = 11 1995 1000 112000 8749 3579
*Baseline Values for Percentage Calculations

-

An obvious question asked in evaluating "advanced" technology is "what is
real?" Absolute level of future entities is difficult to assess. However, rel-
ative changes on a common base is a realistic place to start. Table 4.2-4 com-
pares turboprop versus turbofan technology gains on a current (o0ld) technology
basis and an advanced technology basis (new). The simple statement of this tgble'
is that neither the turbofan or the turboprop have been awarded an advantage,
relative to each other, in advanced technology that they do not have in cur-

rent technology (based on the parameter of Fuel Burn).

Table 4.2-4, APET Aircraft Technology.

e Effect on Comparison of Turboprop Versus Turbofan

Fuel Burn
Technology Level TOGW Ratio®
Used Ratio* (rR = 300)

"1972" Weights
AR =9 "o1d" 0.987 . 0.815
Design Range = 2000 NMI

"1995" Weights
AR = 11 "New" 0.992 0.817
Design Range = 1000 NMI

Turboprop

*Ratios are based on Tarbofan
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Table 4.2-5 summarizes the calculated aerodynamic characteristics of a
0.8 M APET aircraft. These are general and offered as an order of magnitude
type representation. They are based on evaluation of flight test data for

other real aircraft.

Table 4.2-5. APET Drag Characteristics.

Typical Cases - Propulsion System Not Installed

Design Mach No. 0.8 >
Wing Sweep -~ degrees 27.5° ' o
Average Wing (t/c) 0.1225 L
Wing Aspect Ratio 11 >
Wing Area 900 900 900 1000 1000 1000 1130 1130 1130
Flight Mach No. 0-0.70 0.75 0.80 0-0.70 0.75 0.80 0-0.70 0.75 0.80
cDo 0.01914 0.1914 0.0201 0.01819 0.01819 0.0191 0.01724 0.01724 0.0181
k 0.0432 0.0445 0.0551 0,0432 0.0445 0.0551 0,0432 0.0445  0,0551
L, 0.1 : >
Cp = Gp, ® K (cy - € )2
C C

Do = Airplane drag coefficient at CL - Lo'

CLO = Airplane l1ift coefficient for defining the drag polar offset.

k = The induced drag factor.

After the payload and economic considerations have been resolved the
actual procedure of sizing aircraft wing and engine must occur. The mathe-
matical methods have been with us for years, the criteria and procedures vary,
within limits, relative to regulations and manufacturer. Figures 4.2-9 and
4.2-10 state the criteria used for wing and propulsion system sizing. These
items are a result of Government regulations and a concensus of aircraft manu-

facturers' statement of requirements.

The procedure, once the criteria are defined, is mathematically complex
but fully understood. Thrust-to-weight versus wing—loading relative to the
design criteria are calculated (Figure 4.2-11), this addresses safety concerns.
T/W versus wing-loading and fuel burn and TOGW versus wing-loading and thrust-
to-weight address economic concerns, (Figure 4.2-12). Fuel burn and weight
are directly convertible to dollars. The summary of sizes, points are shown

in Table 4.2-6.
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Factors Affecting Choice of Wing Size (Wing Loading)
® Takeoff Field Length
° Second-Segment Climb Gradient
] Enroute Engine-Out Climb Gradient
° Landing Field Length |
® Limiting Value of Approach Speed
° Buffet Limits (Cruise)
. Wing Fuel Volume

) Wing Weight

Figure 4.2-9. APET Wing Sizing Criteria.

Thrust will be Sized for:
° Takeoff Field Length — 6000 Feet - Sea Level (ISA + 27° F).*
° Denver Field Length (OAT = 92° F).*
° Enroute Engine-Out Ceiling ~ 15,000 Feet (ISA + 18° F).

° End of Climb Thrust Required (ISA + 18° F) - Thrust Margin
for 300 fpm Rate of Climb,

*Also must meet second-segment climb gradient requirements.

Note - Engine—-QOut Sizing Conditions Include:

Aircraft Symmetric Drag - Low Speed (With High Lift Devices)
- High Speed (Clean)

Windwilling Drag (Or Feathered Drag)

Rudder/Aileron Drag.

Figure 4.2-10. APET Engine Sizing Criteria.
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(@)  sea Level Takeoft
.28 i @ Denver Takeoff
@ Enroute Ceiling - Engine Out
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@  End of Climb Thrus
.26
@ Fuel Volume Limit
.25 @ ] 7 ,./ @ ' Approach Speed Limit
ot
/ - @ Buffet Limit - Cruise
.26 o @ /
dlk
/
5 ol [1®
.22
100 100 120 130

o /s,) - pst

Figure 4.2-11. APET Aircraft Design Typical Engine and Wing Sizing

"FB @ 300 NMI (100 Lb)

Study Design Mach Number = 0.8 Propfan Propulsion.

Propfan - Uesign Mach = 0.8

Sl*ll’/D2 = 37,3

SHP = Shaft horsepower s Locus of combinations which
D = Propfan diameter, feet meet all sizing limits
(Wing and Engine)
n w/s 116 O Selected Design
110 . w/s
115 ]
30 s gg 114 110
\ // 130 / 115
/ / 120
125
29 — 2 4) -~ ‘/’/:
7 = 3 g 130
== g 7 =
/ 8
z .
28 5 110 ~
2 -
[
27 108
.25 .26 .27 .28 .25 .26 .27 .28
W.. = Weight of
/W @ .M/SL FB eight of fuel burned, pounds /W @ .2M/SL

T/W = Aircraft Thrust to Weight ratio

Figure 4.2-12. APET Design - Sizing Study.

103




Table 4.2-6. APET Aircraft Sizing Results.

Design Mission - 1000 NMI

Powerplant Type Propfan Turbofan
Design Mach No. 0.7 0.75 0.8 0.7 0.75 0.8
Selected (W,/sy) 115.2 120.5 126.2 115.2 120.5 120.6
Selected F,, W, @ 0.2M/SL 0.261 0.264 0.268 0.235 0.240 0.249
Wing Sized By: Buffet Buffet PFuel Capacity Buffet Buffet Fuel Capacity
Engine Sized By: Dcaver TO | Denver TO | Denver TO Denver TO | Denver TO | Denver TO
Resulting TOGW 107309 108845 110986 108036 109305 111970

4.2.4 Performance Computer Ptdgrams

The analysis described in the preceding sections was performed using the
G.E. mission analysis computer program. This program is capable of calculat-
ing mission performance of either turbojet, turbofan or turboprop transport

airplanes for the following modes of operation:

° Takeoff (fuel allowance only)

) Constant altitude acceleration

° Constant Mach number climb

° Constant altitude and Mach number cruise

] "Constant Mach number climb to optimum Breguet crui'se altitude

° Constant altitude and Mach number cruise after discontinuous change

in altitude and Mach number
] Breguet cruise

™ Constant altitude deceleration

to4 ' >




® Decelerated descent along q = £ (xM2) path
® Constant Mach number descent
o Maneuver mode (used for reserves)

The nondimensional aircraft drag characteristics (drag polar) and weight
are inputted to the program. A matrix of engine performance data (net thrust
as a function of altitude and Mach number) is run on the cycle deck and placed

in a file. This file is read by the mission program.

The mission program "flies" a "rubber" airplane. That is, aircraft
weight, engine weight and engine thrust are adjusted (scaled) to match the
mission requirements. The output of the mission program (aircraft weight,
fuel burn) reflect the complex interaction of engine thrust - SFC character-

istics and aircraft design.

The computer program is also capable of determining the effects of small

changes and, hence, can be used to obtain sensitivity factors.

As a result of recent in-house commercial aircraft studies, a systematic
computerized approach for executing the mission analysis portion of this study
has been devised. Figure 4.2-13 describes the general work flow and identi-
fies the various inputs and considerations that were included in the study.
The work flow is rather straightforward and generally does not involve itera-

tive loops.

Propulsion

Systems
Type Lapse
Control Sched Rate Economics
Cycle Data Variations
Weights D.0.C.
éz:gllations “Mission Analysis”

Design
Case Flight Missfons
Aircraft Selection Path Calculations Final
Design Climb Comparisons
.0.G.W. "Thumbprint* ]
Design Mach Cruise Alt.f | T-0:G-H

Wing Design Wing Platform Cruise M Fuel Burn Conclusions
Layout Thrust Loading Descent Unit Costs
:eights Wing Loading

rag
T.0. Aero Other
Costs Performance

Takeoff
Landing

Trajectory Engine-out
Optimization Celling

Studies

Figure 4.2-13,

C-2

Study Work Flow.
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4.2.5 Weight Estimating Procedures

Aircraft main assembly, component, system and subsystem weights have been
estimated using formulae that have, for current technology level commercial
aircraft, provided reliable answers in previous studies. The methodology of
determining the projected (lower) weights for a post-1990 state-of-the-art
airplane is a two—step process. First, current aircraft weights have been
estimated for the size class of the APET airplane by using a base‘from pub-
lished data of existing aircraft types as contained in Reference 33. Where
necessary, the formulae in this report have been modified to reflect additi-
onal available data on the commercial airplanes and have also been supple-
mented by other formulae to cover subsystems not contained in the published
report (e.g., passenger furnishings and OWE items). This resultant group of

formulae serves to predict what might be called "1972" weight technology.

The second step concerns the weight reduction factors that could be assumed
to reflect the weight changes to be expected as advanced technology is projected
into airplane designs of the 1995 time period. This technology will typically

include such items as:
e Supercritical wing technology
e Advanced aluminum alloys
e Composite materials in non-primary structures
e Advanced manufacturing processes
@ Advanced avionics and on-board computers
e Advanced system, component and subsystem designs.

The weight reduction factors selected for this study are shown in Table 4.2-7,
and were based on surveys of published data and were modified after discussions
with the principal airframe design companies. The factors shown are believed
to provide some reasonable but challenging goals for the airplanes of the 1995

time period.

Furnishings and equipment weights have been held to a minimum by using
passenger accommodations with comfort levels between those currently used by

commuter aircraft and those now used by trunk airlines and also be reducing

and/or omitting certain equipment now required for long-haul operations (but
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Table 4.2-7. Aircraft Component Weight Estimation.

Weight Reduction(z)
(1) Factors,
Component/System Reference Weight (Est.)
Wing - Bending Structure Base 0.9
Wing - Shear and Other Str. 0.8
Tail 0.85
Fuselage 0.90
Landing Gear 0.9
Fuel System 1.0
Flight Controls — Hydraulics 0.8(3)
Electrical 1.0¢3)
Pneumatics and Air Cond. 0.8(3)
Anti-Icing 1.2(3
Instruments 1.0
Avionics 0.75
Furnishings 0.9
OWE Items Y 1.00

(1) "1972 Techology"
- Represents Technology of 727/737/DC9, etc.
- Data base from S.A.I./Douglas Report
(NASA CR-151970) (Ref 33)
- S.A.I./Douglas Formulas - Modified by G.E.

(2) "1995 Technology"

= Represents APET Technology

- Estimated using S.A.I./Douglas data base
with Weight Reduction Factors

- 2% Weight Contingency added

~ Austere passenger furnishings and
accommodations (because aircraft is
used on short stage lengths).

(3) All Electric Airplane

not needed for short-haul operation). A crew of 6 persons has been assumed -
two in the cockpit crew and four in the cabin. Cabin furnishings weights have
been based on use of two lavatories and two galleys. Cabin furnishing esti-
mates have been extracted from a data base which includes only short-haul air-
craft (F28, 737, 727, etc.). Cabin furnishings include a basic amount of

acoustic treatment material suitable for a turbofan aircraft.

By concentrating on the "short-haul" aspects there can be some reduction
and in some cases omissions of weight items that would normally be included at
100 percent factors. Overall the Operational Weight Empty (OWE) is estimated to

be in the 84 to 85 percent band compared with today's equivalent airplane rated
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at 100 percent. These values apply directly to the turbofan powered airplane
and other factors must be introduced to account for the differences required

for turboprop power.

Three of the weight items which are different when the propfan is used

are:
Landing Gear (Generally longer and heavier)
Vertical Tail (Generally larger area and heavier)
Acoustic Treatment (More, due to different noise characteristics)

Propfan weights which include the blades, hub, pitch change mechanism,
controls and anti-icing features have been directly taken from Hamilton-
Standard parametric weight data packages. Gearbox and engine weights have
been generated two ways. One is a parametric method using in-house computer
programs while the other involves producing a layout drawing and converting
this via computer vision terminals into weight data. Nacelle and systems

weights also used a combination of parametric and direct calculations.

Engine weights are calculated by a computer program that is directly
linked to the design program. Weights are modified in the computer system
whenever detail engine designs, or new engine hardware is developed and phys-
ically weighed. These programs have stood the test of time and have been used

in numerous commercial and military engine studies.

For the mission analyses programs, it was necessary to estimate the
weight breakdown of each of the six baseline airplanes - three turbofans and
three turboprop fans at design cruise Mach numbers of 0.70, 0.75 and 0.80.

One of these weight breakdowns is given as a typical example in Table 4.2-8
for the Mach cruise 0.80 turbofan powered airplane. Weight data for the other
five aircraft are given in Figure 3.8-1 (already shown). Elsewhere in this
report, (See Section 4.8 of this report) the full range of the variation in
Takeoff Gross Weights (TOGW) is given in tabular form for the six point design

airplanes.
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Table 4.2-8, APET - Typical Weight Buildup.

e Turbofans - 0.8M Design Load

e "1995" Weight Technology

Wing

Tail

Fuselage

Landing Gear
Propulsion (Installed)
Fuel System

Flight Controls
Electrical

Air Conditioning, APU
Anti-Icing
Furnishings and Eq. (TF)
Added Cabin Acoustics
Instruments

Avionics

Loading and Handling

Miscellaneous

Calculated Empty Weight
Contingency (2% of Airframe Wt)

Empty Weight
OWE Items

. OWE

Passengers (150)
Cargo

Fuel (Design Range)

TOGW

Pounds

9987
1247
14850
4468
9372
639
1417
2540
2375
265
9653

0

553
1793

0

133

(59292)

996

(60288)

4100

64388

30750
0

16832

111970
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4.3 REFERENCE TURBOFAN ENGINE

4.3.1 Definition

A baseline APET turbofan engine has been designed with technology assump-—

tions believed valid for service introduction in the year 1995.

As previously discussed, the APET turbofan is based on a scaled-down ver-
sion of the E3 Flight Propulsion System (FPS) engine, in an equivalently
scaled-down nacelle. Figure 4.3-1 shows the general layout of the design and
includes notation that highlights the major differences from the full-scale
FPS system. Figure 4.3-2 is included to show the similarities, and the dif-

ferences where they exist, between the full and sub-scale systems.

The E3 turbofan (full scale) engine compression system employs a single
stage fan, single stage booster with continuous bypass bleed (driven by a
5-stage LP turbine) pressurizing a 10-stage axial compressor driven by'a
2-stage HP turbine. A low smoke, low emissions burner design supplies the hot
gas used for driving both sets of turbines and for mixing with the bypassed
fan airflow. A high efficiency, low delta pressure, advanced technology mixer

exhausts the total engine flow via a common propelling nozzle.

Initial airplane and propulsion sizing studies showed that the required
characteristic thrust size dictated a cycle match point at the end of climb,
at maximum climb power. This match point yields, for Mach 0.80 flight speed,

35,000 ft. altitude on a Standard Day + 18° F, a thrust level of 4000 pounds.

The demonstrated core performance of the full-scale E3 engine has been
selected as a target value for the significantly smaller core size of the APET
Turbofan. (APET is approximately 47 percent of the full-scale E3.) This tar-
get is difficult to achieve when scaling a highly efficient set of components
down to a smaller flow size; and in order to make the goal, certain component
efficiency values need to be improved to offset the reduction in efficiency
that results from tip clearance losses and Reynolds number effects; The com-
ponent assumptions that are made between E3 and APET are also shown in Figure

4.3-2 where it may be noted that the number of LP turbine stages has been

. r MNOT TILYED
~epoTnING PAGE DLANK MNOT TiL

PAGE jl/:}f;!NTENT1ONALLY BLANK
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e Cycle Parameters at M0.80/35000' + 18° M.Cj

PR Fan Tip = 1.55
PR Fan Hub =1.75
PR Core = 23.0
PR Overall =40.2
BPR =7.1

Turbine Temp. = 2258?2490° F (MyCj/Denver)

e Configuration - Mixed Flow

1 Stage Fan

1 Stage Booster with Continuous Bleed
10 Stage Core

2 Stage HPT

6 'Stage LPT

Component Assumptions Relative to GE E3 FPS Cycle

Fan n = +1,27%
Core n = No Change In Full
HPT = +0.2% E3 Sige
LPT = +0.8%

ACooling Air = -2.35 Pts

Component Sizes

For 4000 1b M,C; Thrust 10.8/35K + 18°)
- Fan WE/§ = 728
- BER 7.1 SLS FN = 17600 1b
~ Core W/8/§ = 56.6 '

Figure 4.3-2. Reference APET Turbofan Description.
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increased from the five (used on the full-scale E3) to six on this scaled

version.

For this thrust size, using the scaled E3 components, a preliminary design
was made for an engine with a fan diameter of 59.6 inches and a flow of 731
pounds/second. These and other data including a weight breakdown are shown

in Figure 4.3-3.

The nominal turbofan powered airplane for MCR = 0.80 is as shown in Fig-
ure 3.1-1. 1Installation factors for an isolated turbofan engine are well
known and need not be amplified in this study report; however, it is important
to note that some on-the-wing effects have been excluded by NASA direction.
This exclusion will also apply to some of the factors for the turboprop, as is

amplified later in this report.

Fan Dia. = 59.6 inches Basic Engine Weight = 3103 1b
*Length = 90.0 inches Mixer and Reverser = 615 1b
Installation = 735 1b

Pylon = 445
4898 1b

*Length is defined as Fan Rotor leading edge to aft flange of

engine rear frame,

Figure 4.3-3. APET Baseline Turbofan - Weight and Dimensions.

For the case of the turbofan installation, there is no universally accept-
able criteria for estimating the incremental drag from isolated to a fully
installed propulsion nacelle, especially for the long duct mixed flow config-
uration being used as this study's baseline. For the case of the turboprop
installation, it appears appropriate that these incremental effects be added at
some later point in time. The ongoing NASA-Ames wind tunnel program is showing
dramatic drag improvements with wing leading edge extensions, wing-to-nacelle

fillets and contoured nacelles (non-axisymmetric). Certainly it seems that the
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turboprop increment can be held to a value that is similar to the turbofan with
the process of refinements that are being actively explored by NASA and their

Industry Contractors.

The turbofan installation loss bookkeeping system identified a 3.6% thrust
loss due to the nacelle friction drag with a further 0.7% loss for the pressure
drag. The inlet and exhaust losses are bookkept in the engine cycle format as

they are also for the turboprop installation.

The final APET turbofan engine sizes for the three different cruise Mach
numbers considered are summarized on Figure 4.3-4 where fan and core engine
corrected airflow as well as fan diameter and installed thrust are shown for

each cruise Mach number studied.

730 )
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Figure 4.3-4. Final APET Turbofan Engine Sizes.
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4.4 APET TURBOSHAFT ENGINES

4.4,.1 Candidate Engines and Descriptions

Six candidate turboshaft engines were defined and a preliminary design
was completed for each. The design process used calculates the flowpath from
given input cycle parameters and determines casing configuration; number of
stages required; blade to vane axial spacing; numbers of blades and vanes
required; burner configuration; frame and bearing and shafting layouts. All
the engines have been designed to produce 12,500 SHP at SL static conditions.
The computer programs provide data in a form that allows rapid design definition
by drawingé and automated calculation of both weight and costs. These computer
programs are continually being refined by comparison to experimental and pro-
duction engine hardware and have been extensively used in other commercial and
military studies. Table 4.4-1 lists the principal characteristics of the six
candidates examined while Figures 4.4-1 through -6 show these engines driving
a baseline propfan reduction gearbox and propfan. All the engines are enclosed
within a nacelle contour that includes a single, offset, inlet duct as the

source of air supply.

The original engine definitions matched the full-size E3 engine in cycle
pressure ratio; and all were sized to produce 4000 1b. of thrust (with the
selected propfan) at Maximum Climb Power, 35,000 ft. altitude, Mach 0.80 flight
speed, and a free air ambient temperature of Standard Day + 18° F. Because of
lapse rate differences and a range of temperature ratings studied, there were
significant differences in shaft horsepower transmitted through the propeller
gearbox to the propfan. In order not to delay the process of preliminary
design for the gearbox and the nacelle/engine installation, it was decided to
fix a baseline value of 12,500 SHP at the propfan drive face. 1In terms of
SHP at the engine output shaft (booster front frame station), this equates
to approximately 13,000 SHP engine delivery power level. Note that approxi-
mately 300 gearbox horsepower is reserved for driving airframe accessories
while a further loss occurs due to inefficiency in the drive system itself.
Thus, when using the computer deck and the scaling laws for APET engines, it
is essential to note that the SHP produced by the deck is at the engine shaft

before it powers the propfan gearbox.
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Table 4.4-1.

Candidate Turboshaft Engines.

Low Pressure | High Pressure Overall

Case Engine Compressor Compressor HP Turbine | LP Turbine | Pressure

No. Description Stages Stages Stages Stages Ratio

1 Unboosted -0- 10 Axial 2 3 23:1
2 Shaft

2(a) Boosted 1, high r/R 10 Axial 2 3 38:1
2-Shaft

2(b) Boosted 2, low r/R 10 Axial 2 Jor 4 38:1
2-Shaft

3(a) Boosted 1, high r/R 5 Axial 2 3 38:1
2-Shaft 1 Centrifugal

3(b) Boosted 2, low r/R 5 Axial 2 3or 4 38:1
2-Shaft 1 Centrifugal

4 Boosted 2, low r/R 10 Axial * * 38:1
3-Shaft

*This engine used a single stage HP turbine, a single stage intermediate turbine,

and a 3-stage LP turbine acting to drive the third shaft as a free turbine.
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This value of 13,000 SHP then falls halfway between the lower end of the
NASA desired study level of 8,000 SHP and their desired upper end value of
18,000 SHP. This selection thus gives extra credibility to both the up and
down scaling exponents used for the principal elements of the propulsion

system,

Temperature lapse rates and ratings have been selected from studies that
determined that only a small delta value between take-off and end of climb
should be used to hold the core engine size to minimum values, and 100° F

has been used in all latter parts of the APET shaft engine studies.

4.4,2 Selected Study Engines and Cycles

From the six candidate turboshaft engines, NASA selected engines 2(b) and
3(b) for further study. Both these selected engines have the low radius ratio
2-stage booster arrangement with Variable Inlet Guide Vanes (VIGV's) and are
projected to achieve optimum performance when the boost pressure ratio is set
at 1.75. The overall pressure ratio of the machines is then raised from the
baseline 38:1 to just over 40:1 at full corrected speed. It is not certain at
this time whether a 3-stage or a 4-stage LP turbine would be selected as prime;
and it is recommended in the component development plan shown later in this
report that a significant effort should be made to design and test high-flare
low pressure turbine layouts employing orthogonally directed blade airfoils,
at a power size that would lead credibly to the establishment of the required
technology. The 4-stage design arrangement efficiency projections have been
used throughout this study for the determination of the engine cycle perfor-

mance.

Both engines are heavily dependent on the core technology already demon-
strated in the NASA/GE E3 program with engine 2(b) being even more dependent
than engine 3(b) in this regard. Both engines are equally dependent on the
two—-stage booster technology that has been previously demonstrated on the

NASA/GE J101/VCE demonstrator engine programs.

Engine 3(b)'s high-pressure compressor is based on experimental work

accomplished at Lynn on smaller power size turboshaft engines. The T700
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turboshaft engines and the CT7 commercial turboprop engines all employ axi-
centrifugal compressor arrangements - primarily to achieve ruggedness in the
highest pressure stage of the compressor. In addition to these production
engines, GE has developed an experimental compressor with a similar axi-
centrifugal engine configuration that has demonstrated a pressure ratio of
22:1 at its design speed. (This compressor arrangement was included in the
GE27 engine proposal for the MIDE* competition). The GE27 at 5000 SHP, is
then just less than half-scale of the proposed APET engine 3(b), and there
would be a high level of confidence in the ability to upscale the flow size

to that required by the APET engine, and maintain high efficienty.

The selected engines are rated equal in the development of both HP and LP
turbine efficiencies to meet the goals, and turbine technology programs would
thus equally apply. Engine 3(b) has a more difficult set of design problems
in the combustor stage, but high efficiency combustors have already been demon-

strated at a smaller scale size.

Overall, either engine would be equally rated in their ability to produce
the power levels and efficiencies being quoted in this report and other factors
than those considered in this study would swing the selection from one to the

other, in a final choice for an airplane development program.

These two engines are shown in Figure 4.4-7 [APET 2(b)] and Figure 4.4-8
[APET 3(b)]. The figures show engine cross sections and the principal charac-
teristics of each are included in the figure. It may be noted that both
engines shown include 4~stage low pressure power turbines - which configura-
tions were used in the estimation of engine performance, weight and cost.
Three-stage low pressure turbine arrangements were also designed and the
APET (2b) engine with this turbine has been included. See Figure 4.4-9.

As may be noted on this latter figure, estimation of fuel burn and DOC
for this configuration is shown to be inferior to the engine shown in Figure

4.4-7 so it was dropped from further studies.

Engines 2(b) and 3(b) were then drawn attached to a "referee' offset gear-
box, and enclosed within a nacelle which employs a single, offset, air inlet
scoop to supply the engine inlet. The nacelle configuration shown has a radius

* MIDE is the Modern Technology Development Engine.
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[Engine 2(b)]

Booster Core Power Turbine
ViiphVG = 924 Scaled E3 PIP = 1.6
tlr - L6 VipVG = 14% VPavg = -
PR =175 PR = 3

Figure 4.4-7. APET Turboprop Gas Generator Axial Flow Compressor

Four Stage Power Turbine.

. &
J / —_
€
\
A . :
“~
. [Engine 3(b)]

Booster Core (PRyp = 23) Power Turbine
Viip/ V0 -« 924 adal - v/ VB - 14 PIP =16
e = .61 PR =112 WPpvg = -
PR =L Centrifugal - Vyp/V0 - 1407

PR =32

Figure 4.4-8.

APET Turboprop Gas Generator Axi-Centrifugal Compressor
Four-Stage Power Turbine.
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Rel to @St&e LPT, ATILPT = -1.5%, AFB = +1.5%, ADOC = +0.8%

Booster

Vriph® = 924

rir = .67
PR = 175
Figure 4.4-9.

Core Power Turbine:

Scaled £3 P/P - 1.8

Viip VO = 1438 Wppyg = 117
PR - B3

(Engine 2(b) alternate)

APET Turboprop Gas Generator Axial Flow
Compressor Three Stage Power Turbine,




ratio (r/R) of 0.30 when comparing the axi-symmetric nacelle body to the prop-
fan radius value. This step in the design process is illustrated in Figures
4.4~10 and 4.4-11 which show that a "basic" nacelle outline can satisfactorily
enclose either selected engine. Further investigation of the nacelle designs

studied are included in Section 4.7 of this report.

The preliminary design studies of the two selected engines resulted in
a set of cycle assumptions and comparisons that are included in Table 4.4-2
while Table 4.4-3 is included to show the comparison in terms of the indi-

vidual aerodynamic components.

These cycle assumptions and comparisons were made after some configura-—

tion studies had estimated the effect on cycle parameters when varying booster

pressure ratio and cycle temperature. Figure 4.4-12 shows the summary of

these studies.

Booster and core corrected flow changes are shown as a function of booster
pressure ratio, on the left hand side of the figure as solid lines, while the
dashed lines represent the additional change due to an increase of 100° F in
T41l. The center portion of the figure shows the effect of the same variations
in booster pressure ratio on the size of the high pressure turbine and the

maximum takeoff compressor delivery temperature.

The right hand side of the figure shows again the same variable boost
pressure and its effects on the minimum SFC at cruise and the shaft horsepower

to the gearbox.

The results of these studies led to the selection of the cycle assump-
tions shown in Table 4.4-2 where it may be noted that the booster pressure
ratio of 1.75 has been selected, as has a cycle temperature of 2390° F.
These values may be compared with the original assumption which used a 1.67

P/P booster and a 2350° F cycle set-up temperature.

The final APET turboshaft engine sizes for the three different cruise
Mach numbers considered are summarized on Figure 4.4-13 where booster and core
engine corrected airflow as well as propfan diameter, shaft horsepower and

thrust are shown for each cruise Mach number studied.

135



—_=:=;fl

4.'4 _
ﬂ1.- ——A . .

~_
i

*(dHS 006°zT1) @2utlduy ,suriaseq, €4z IIdV

e ‘,.. .:ﬂl
T
= _ ;.suas.,;-_r,

‘01-%"% 2an314g

jo1ul dooog a13ulsg

(d/ 1 0£°0) @T19o8N °31939Y
X0qieas 319s3JO 993939y

141 9o3eig-%

136




“11-4"4 @ans1g

137

*(dHS 006 °‘C1) 2uidulg ,sutiesed,, 4f ILddvV

5
S Temws =S = | : .

397uy dooog aydurs

(4/ 1 0£°0) O[1°oBN 991939y
X0qIea) 3I3SJJO 921939y

141 23e3s-¢



138

Table 4.4-2. APET Turboprop Configuration Studies - Cycle
Assumption Comparisons.

Axi
All Axial Centrifugal
e At M0.80/35000' + 18°
Thrust 4000 4000
PR Overall 40.2 40.2
T41 - ° F 2390 2390
Wwe/s LP 69.9 70.3
PR p 1.75 1.75
n,p Poly/Adia 0.888/0.881 0.888/0.881
AP Gooseneck 1.5% 1.5%
W/6/8 Core 44,2 44,5
PR Core 23.0 23.0
nc Poly/Adia 0.898/0.848 0.897/0.846
AP Combustor 4.95% 6.0%
nCOmbustor 0.995 Oo995
No. HPT Stages 2 2
W/T/P HPT 6.53 6.65
ne (Cycle) 0.914 0.915
&h/T LPT 0.101 0.100
P/P LPT 7.6 7.4
NPT 0.920 0.920
P8/PO 1.50 1.50
Total Cooling Air 17.0 17.0
Total Chargeable 9.3 9.3
SFC Base +0.5%
Propeller HP @ 0.8/35K + 18° 6450 6445
Propeller HP @ 0.2/SL + 27° 12500 12500




Table 4.4-3. APET Turboprop Configuration Studies - Component
Aerodynamic Comparisons.

All Axi
Engine Configuration Axial Centrifugal
A. Booster/LP Spool
No. Stages 2 2
we/s 69.9 70.3
Wa/Ap : 39.0 39.0
V Tip/v/e 924 924
r/r 0.67 0.67
PR 1.75 1.75
B. Compressor
No. Stages 10 5+1
we/s 44.2 44.5/8.43
Wo/Ap 38.0 38.0/32.3
V Tip//6 Axial 1498 1498
V Tip/v/8 Impeller -— 1407
PR 23.0 7.12 x 3.23 = 23
Last Blade Height 0.51" 0.42"
C. HP Turbine
No. Stages 2 2
W/T/P 6.53 6.65
Ah/T” 0.086 0.086
P/P , 5.14 5.16
¥ Pitch (Avg). 0.66 0.66
lst Stage Blade Height 1.12" 1.13"
D. LP Turbine
No. Stages 4 4
Ah/T ' 0.100 0.100
P/P 7.6 7.6
¥ Pitch (Avg) 0.95 0.95
ANZ 42.5 * 109 | 42.5 * 109
*Altitude Thrust = 4000 lbs
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Figure 4.4-12. Turboprop Configuration Studies.
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Figure 4.4-13. Final AEPT Turboshaft Engine Sizes.
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4.4.3 Engine Weight and Cost

As outlined in Section 4.2.5, computer programs linked to the design pro-
gram are used to generate engine weights and costs. Gearboxes and other drive
components were estimated separately. This study also required that the
selected engines and gearboxes together with their performance decks be for-
matted into scalable data packages for future airframe preliminary designs.

As already indicated in Section 1, the baseline APET propulsion systems were
frozen at a value of 12,500 shaft horsepower, and this is the value that was
used for generating the cost and weight data baselines. The selected engines
(2b and 3b) were laid out in a geometry that is usable for propulsion installa-
tion studies. Figures 4.4-14, -15 and -16 have been included to show the three

baseline configurations, geometry, weights and center of gravity.

These referenced figures are also included as part of Appendix III at the
end of this report, and appropriate scaling laws for dimensions and weights
are provided therein. Thus it should“be possible to use the APET engine com-
puter deck, which is a "deliverable" contract item in this NASA sponsored
study, and conduct airplane preliminary design studies in a large range of
shaft horsepowers, using the data scaling laws. Cost data is supplied to

NASA under separate cover, and is not reproduced here.

4.4.4 Cycle Selection Summary

The selected cycle characteristics for the baseline engines designated
2(b)- and 3(b) are given in Figure 4.4-17. It may be noted that the temperature
set-up is fixed so that the Denver hot-day takeoff rating T4l (turbine temper-
ature) is 100° F above the hot-day, end-of-climb rating point. These ratings
establish the cooling airflow required by the turbine stages and establish the
final core size at a corrected airflow level of 44.2 pounds per second. Resul-
tant engine thrust for the selected 10-bladed, 800 ft/sec tip speed, propfan is
20,000 pounds at Sea Level Static and 16,600 pounds at Mach 0.20, Sea Level,
+27° F; the propeller shaft horsepower being held to the 12,500 value already
established for the design of the baseline gearboxes. As indicated in the
previous section, an Appendix has been provided in this report so that air-
frame designers may select the power level of their choice, using scaling

laws, and match propulsion system to airframe requirements.
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Figure 4.4-16.
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1

e Cycle Parameters at M0.80/35000 ft + 18°

PR
PR
PR

Turbine Temp.,

e Configuration

Booster =1.75
Core = 23.0
Overall = 40.2

° F = 2390/2490° F (MxCl/Denver)

e Prop,

2 Stage VIGV Booster
Scaled Version of 10 Stage Ref. Turbofan Core
4 Stage Power Turbine that Drives VIGV

Booster and Prop

Gearbox, Gas Generator Sizes for 4000 lb MxCl

Thrust at M0.8/35K + 18"

Booster W/8/$ = 69.9
Core W/8/é = 44,2 SLS FN = 20000
Propeller Dia. = 13.1 ft at SHP/D2 = 37.5 0.2/SL FN = 16600

Propeller -HP Max. = 12500

Figure 4.4-17. Baseline APET Boosted Turboprop Description.

4.4,5 Other Cycle Parameters

The selection of the engine parameters required prior examination of the

effects of the variables for the propfan as well as the basic engine cycles.

These examinations were then carried through both uninstalled and installed

performance comparisons, using the appropriate installation losses in a

clearly defined bookkeeping system.

Typical
installation
able. These
the nacelles

tion, to the

flight paths encompassing climb and cruise were evaluated using
drag effects that were directly subtracted from the thrust avail-
drags were further broken down into those that are chargeable to
and those that were additive, in the case of the propfan installa-

effects due to propeller slipstream.
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These studies are summarized in the following identifed Figures and
Tables: TFigures 4.3-1 and 4.3-2 have been shown for the reference turbofan
installation. Figures 4.4-10 and 4.4-11 and Table 4.4-2 have also been shown
for the turboshaft engines. These four figures and table summarize the
propulsion systems that were subjected to the installation and performance

studies that provide the data necessary for the final cycle selection.

The propfan variables of tip speed, disk loading and net efficiency are
shown in Figure 4.4-18. The flight conditions in the figure show the effects
of the variables for the three cruise Mach numbers at a constant cruise alti-
tude. Uninstalled performance of the APET turbofan versus the APET turboprop-
fan are shown in Figure 4.4-19, where the three identical Mach numbers have
been used at the same constant cruise altitude. This figure represents the
power hook of the uninstalled engines in terms of changes in Specific Fuel
Consumption (SFC) and also illustrates the delta percentage between the com-
peting propulsion systems. Although cruise SFC is of great interest, the per-
formance of the competing systems must also be evaluated through the remainder
of the flight regimes. In the Program Overview (Section 3.0) Figures 3.4-4
and 3.4~5 have been presented as being typical of the Takeoff and Climbout
performance of the two competing propulsion systems. Note that these figures
show fully installed comparisons which are using installation factors shown in
Figure 3.5-1. These figures, with modification for the uninstalled systems,
can be used as a guide to the large differences between the two competitors
during climb to final cruise altitude, and it may be noted that the perfor-
mance deltas and SFC's are much larger than the values being shown for the
selected cruise points in Figure 4.4-19. Clearly the short-haul airplane per-
formance is largely being dominated by the deltas during take-off and climb
out, and this is highly beneficial for the propfan powered aircraft. These
uninstalled comparisons are summarized in Table 4.4-4. Note that a Denver hot

day takeoff has also been included in this table.

The APET studies also included evaluations of delta SFC's and delta
thrusts for propfans that are designed for 700, 750 and 800 feet per second
tip speeds. 1In each case, the propfan was power sized (at a constant SHP/D2 =
37.5) to provide equal thrust at the end of climb. This is illustrated in

Figure 4.4-20. This figure clearly shows that for a constant thrust objective
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M0.80/35000' - Std Day, SHP/D2 = 37.5
e Equal M0.80/35K + 18 Thrust

Takeoff Performance
up ~ fps 800 750 700
-56 = %A Thrust Base -3.9 -10.5
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.55 =
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=
W
-
L]
Ll
CEEELE o . . . .
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=
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.53 b
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52 | | L | 3
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Figure 4.4-20. APET Propeller Tip Speed Study.
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Table 4.4-4. APET Uninstalled Comparisons.

Engine
Reference TF Base TP
e MO0.80/35K + 18° - FN X 4000 4000
- SFC Base -10.6%
e MO0.2/SL + 27° - FN Base +18,1%
- SFC Base -31.0%
*e M0.2/5330 + 52° - FN Base +13.2%
- SFC Base -31.7%
e M0.6/20000' + 18° - FN Base +8.0%
- SFC Base -16.47%
*Denver, Hot Day Takeoff

there are penalties in fuel burn, engine gas generator size and system weight
for tip speeds below 800 fps. The inset block on the figure also shows the
relatively severe penalty that would be incurred by the use of lower tip speeds
during the takeoff. 1In all these examples the aircraft design has been
optimum for the selected cruise speed and the aircraft weights have been

adjusted to reflect the design differences.

4.,4.6 Propeller Selection

The propeller (or propfan) as a system concept is illustrated in Figure
4,4-21. For this study, the performance block data was derived from the
Hamiiton Standard Data Package No. SPO 4A80 dated October 1980. 1In the sys-
tems block it is assumed that a hydromechanical pitch change mechanism (PCM)
would be included with the propfan and be supplied by gearbox oil at high pres-
sure. Normally, the propeller drive gearbox requires a lubrication system that
operates at low pressures (50 - 200 PSI), while the PCM is estimated to require
a 3000 PSI supply pressure. Thus the gearbox is required to drive two hydrau-
lic pumps - one for lubricating service to the gearbox while the second pump

boosts the 50 PSI pressure level to the requisite high pressure for the PCM.
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The Pitch Change Control Unit (PCMCU) is mounted on the gearbox and communi-
cates with the propeller driveshaft., The PCMCU contains electrohydraulic
servo valves which are responsive to control commands from the propulsion
system Full Authority Digital Engine Control (FADEC). When the servo valves
receive signals from the FADEC unit, they direct the high pressure oil to
either the coarse or fine pitch side of the hydraulic piston assembly which is
connected to the propeller blades by mechanical linkage. Oil is transferred,
within the PCMCU, across the stationary to rotating barrier by a series of
sliprings that seal around the driveshaft stub extension, and operate the PCM
in an axial manner. Rotation of the propfan blades in the hub hdusing is
achieved by axial-to-rotational motion via the mechanical linkage and its

geometry.

Also contained within the PCM are the safety devices for ground and flight
operations. A fixed flight fine pitch stop is provided that precludes selec-
tion of blade angles finer than the fine pitch setting unless a separate com-
mand has been received to remove the device that locks the pitch stop. Also,

a travelling mechanical pitch stop is included that follows the commanded blade
angle by 1-2 degrees when pitch is being coarsened, and leads the blade angle
by the same amount when finer pitch is being'commanded. This travelling pitch
stop, or mechanical pitch lock as it is sometimes called, is a prime safety-of-
flight mechanism in that it positively precludes inadvertent movement of the

blades to hazardous drag or RPM regimes.

Safety of flight considerations demand that failure mode analyses of both
the engine and the propfan are conducted. Hamilton-Standard has provided the
propfan data that has been used in this study. For some flight conditions it
is necessary to compute feather drag while for other failure modes it is appro-
priate to calculate windmilling propfan drag forces. For example, with an
engine inoperative during cruise, the airplane drag model would use the feather
drag values. For engine failure at Vy, windmilling drag would be used in the
drag model until safe climb-out parameters have been established and the air-
plane can be cleaned-up by commanding the affected propfan to the feather

position.
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Figure 4.4-22 shows the data used for calculating feather drag, and Fig-

ure 4.4-23 shows, versus propfan diameter, the estimated hydraulic flow rate

required to feather the propfan.

Windmilling drag estimates were made by using selected values from the

data shown on Figures 4.4-24 through 4.4-27 which cover the physical drag

forces for two levels of Mach number and altitude (for a 13.0 ft. diameter

propfan), and the estimated drags and propfan tip speeds for design Mach num-

bers between 0.70 and 0.80 at cruise altitude and also, on Figure 4.4-27

values for the Vy engine failure case. Propfan power loading is also a

variable parameter for the realization of both the drag forces and the wind-

milling RPM.

Feather Drag = (MOCK)ZCDF(D/DO)D2

1476
0.009
M, = Free stream Mach No.
Ck = Speed of Sound (Knots)
D = Propfan Dia., ft.
= Density ratio
0.008 | Po Y
29
a
o
0.007
0.006 i i | | |

Mach No. (Mo

Figure 4.4-22. 10-Blade, 1986 Propfan
Projections-Drag Coef-
ficient Versus Mach
Number.
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SECTION 4.5
IMPACT OF DESIGN FEATURES ON ENGINE DETERIORATING MODES

155




4.5 IMPACT OF DESIGN FEATURES ON ENGINE DETERIORATION MODES

The mechanical design of the APET turboshaft engines takes into account
the significant deterioration in performance with time effects found in other
turboshaft engines, and introduces alleviation by the selection of the design

features.

The core compressor tip clearance control is due to the selection of the
E3 engine compressor geometry which has a low L/D ratio that ensures a very
stiff rotor spool. Rotor to shroud clearances are improved by using double-

walled stators that reduce the thermal gradients at the flanges.

High pressure turbine clearance control measures will use the same system
that was designed for the full-scale E3 engine. This system has already been

tested successfully,

Controls over the low pressure turbine clearances are made in two ways.
First, axial clearances are maintained by locating the thrust bearing at the
rear of the engine. This location reduces the axial excursions due to differ-
ential thermal expansions and helps to reduce seal wear and minimize flowpath
wall steps. Second, the incorporation of a bearing support through the
Stage 1 low pressure turbine nozzle produces a stiffer system and improves the
control of concentricity between the rotor and the stator. Also, differential

bearings and their associated problems have been eliminated.

Maintenance of labyrinth seal clearance is improved by the use of seals

that are significantly smaller in diameter than is current engine practice.

Overall engine maintainability is enhanced by a modular design concept
that allows separation of major assemblies without disturbance of adjacent
hardware. Also, the high pressure compressor is provided with horizontal

split flanges to aid in compressor maintenance.
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4.6 GEARBOXES, LUBRICATION AND HEAT EXCHANGERS

4.6.1 Data Base
4.6.1.1 Gearboxes

General Electric has been an industry leader in providing Marine and
Industrial systems powered by steam and/or gas turbine engines, and has also
provided land transportation (Diesel/Electric) and is engaged in Military
activity on Tank propulsion and transmission design. Many of these applica-
tions, on a worldwide basis, have used main power transmission gearboxes
designed and manufactured by the various divisions of the Company. Aero-
space power transmissions have included the T58 and T64 engine families of
applications. Also the NASA/GE QCSEE Program designed and developed two high-
horsepower, single stage reduction gearsets for driving the Varible Pitch and
the Fixed Pitch engine configurations. These have most recently been joined
by the commercial CT-7 turboprop engine now engaged in flight tests on the
Saab/Fairchild SF 340 commuter aircraft. From these diverse activities a
large data base has been built-up that includes a full range of theoretical
tools for analyses, and an equally extensive library of empirical data. It

was on these data that the APET gearbox design activity was based.

Initial efforts were directed to establishing the validity of the use of
scaling laws in the extension of shaft powers from the known 4-5000 SHP base
to the new level required (approximately 12,500 SHP). Three offset and three
in-line gearboxes were preliminary designed and weighed. Complexity and
reliability indices were used in a grading process to obtain comparative

judgments of practicality and worth.

Before examining the details of the APET gearboxes, it is appropriate to
summarize the attributes considered to be the most desirable (not necessarily
in the order of importance for ranking purposes).

1. High Efficiency - Losses in the gearbox directly substract from the
shaft horsepower available and hence reduce propeller thrust.

2. Lightweight - The advanced turboprop has many hurdles to overcome

and gearboxes exhibiting the weight technology level of previous
turboprops would probably be unacceptable.
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3. Reliability - This can run counter to (2) above but must have pre-
cedence in design selection. The advanced gearbox must be a simple
layout, uncluttered with extraneous drives and have the bearings and
bearing support arrangements chosen to ease the achievement of
required L10 (system) life. It seems certain that very high gearbox
reliability levels will have to be established and demonstrated
before an airline operator would seriously consider the advanced
turboprop propulsion system.

4, Initial Price - Gearboxes are expensive - in the order of two hun-
dred and fifty to three hundred dollars per pound (and this assumes
amortization of development and tooling costs over a 2000 unit pro-
duction run). If R&D costs prior to development start, and facil-
ities costs for special test rigs including water brakes are added
in, the per pound cost can be increased by 20 - 30 percent. Once in
service and achieving the maintainability goals being set by this
APET study, overhaul and spare parts cost should be a small item.

The GE designed T64 gearbox is an excellent example of a modern in-service
gearbox. Figure 4.6-1 shows a cross section of the T64 gearbox and a summary

of the principal materials used.

Some physical characteristics of this gearbox are:

Ratios
Overall 13.44 .
Stg. 1 (offset) 2.58
Stg. 2 (planetary) 5.21
Horsepower 3400
Speeds
Input (rpm) 15,590
Output (rpm) 1,160
Weight (1bs) 340

This gearbox was reviewed in depth as it serves as an excellent point

of departure for more advanced gearboxes.

4.6.1.2 1Initial Candidates

It was felt that every configuration that had ever been employed in a
turboprop reduction gearbox (whether or not the engine had entered production)
had earned the right to a place on the list of initial candidates. In addi-
tion other configurations thought to be of possible interest were added to the

list. These candidates include all those that have been described favorably

in recent industry studies.
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4.6.1.3 1Initial Screening

The measure of merit for the initial selection of the various gear con-
figurations was weight. The configurations were analyzed and compared using
the methodology developed by R.J. Willis (Reference 40). This method permits
quick comparisons to be made and readily enables the effect of parameters such
as ratio and number of branches on weight to be determined. Figure 4.6-2 is
an example of a plot made using this method that show the effects on weight
of ratio and configuration. The experience gained using this tool during the
APET study both affirmed its simplicity and usefulness and at the same time
suggested the need for some possible refinement. The system keys on gear

weight (or gear solid rotor volume) as opposed to total system weight.

1f gearboxes of diverse configurations all had gear weights that were the
same fraction of total system weight this would not be a problem, but unfor-
tunately they do not. An example of this is the contrast between a planetary
system which has relatively light gears with many heavy supporting components
such as bearings, planet carrier, etc. and a single branch double reduction
gearset where the gears themselves are a much larger percentage of the total

weight.

The above issue is currently being addressed so that for future studies
this proven method will be even more precise. Another refinement under devel-
opment is to better enable the method to reflect desired technology levels.
This can be done by revising both the K-value factor (surface durability
constant which relates to allowable tooth Hertzian stress) as well as the

application comnstant, k.

The judgment of experienced personnel also entered the selection process.
An example of screening by judgement is the two stage planetary (double plane-
tary) configuration. Although a possible candidate for a conventional turbo-
prop where the ratio would be in the neighborhood of 15:1, two planetary units
in series are just not needed for propfan ratio levels. The high parts count

of such a gearbox impacts cost greatly.

As a final issue in the preliminary screening process there was a desire
to see those configurations that had been used with great success on produc-

tion turboprop programs survive the initial screening and be among the group
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selected for detailed preliminary designs. As an example,.had the offset
planetary fared poorly during the initial screening we would probably have
felt obligated to include it among the detailed preliminary design candidates
solely because of the successful history of the T56 and T64 engines which use

this configuration.

4.6.1.4 List of Final Candidates

Figure 4.6-3" shows illustrations of the seven gearbox configurations that
survived the initial screening process. Preliminary designs were made of the
first six and a conceptual sketch was made of the seventh. Five of the seven
are epicyclic and the remaining two are double reduction layshaft designs.

Also four of the designs are concentric and three are offset.

4.6.2 Preliminary Desigp Studies

4,.6.2.1 Influence of Propfan on Gearbox Design

Virtually all turboprop propeller speed decreasing gearboxes (SDG's)
have their ratios falling within a relatively narrow band regardless of the

size of the engine. Some examples are:

Engine SDG Ratio

T64 13.44
T56 (early) 12.5
T56 (late) 13.54
CT-7 15.9
Tyne 15.6

The gear ratio is a function of propeller and turbine technology and is
virtually independent of scale size. The explanation is that both propellers
and turbines have a well-defined tip speed and as engines are scaled to larger
sizes, the ratio between propeller and turbine diameters remains constant.
Thus, for unvarying tip speeds the speed ratio (and hence gear ratio) between

propeller and power turbine is not a function of scale size.

A fixed ratio, as engines are scaled to larger sizes, unfortunately works

to the decided disadvantage of SDG weight and size as is explained by the
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upper half of Figure 4.6-4. The principal factor driving gear volume and
weight in a particular gear stage is torque, and in a speed reducing gearbox
output torque. In a multi-stage SDG the output stage is the largest and,
therefore, the heaviest, and is the greatest contributor to the overall

weight and size of the gearbox. When combining the above we are led to the
inescapable conclusion that for a particular configuration of SDG the size and
weight is principally driven by the output torque requirement. The upper part
of the figure, reading from left to right, shows what happens to the various
propeller and gearbox parameters as a hypothetical engine is scaled up tenfold
(from 1300 to 13,000 horsepower). Since the SDG ratio is constant, the torque
could be expected to rise as the horsepower increases, but, in fact, the rise
is much faster because the propeller tip speed is constant regardless of size
and, therefore, the speed varies inversely with the diameter. The conclusion

to be drawn is that, for constant propeller technology (similar levels of tip

speed and SHP/D2), the principal parameter (output torque) driving gearbox size

and weight scales with the 1.5 power of the horsepower level. If there were
no relief in sight, turboprops that were much larger than is current practice
would be disadvantaged by having SDG's that were a much larger fraction of

total propulsion system size, weight, and cost.

Fortunately, propeller technology is capable of providing great relief as
is again shown by reading the figure from top to bottom. The upper half of
‘the figure represents current levels of propeller technology whereas the
bottom half of the figure is constructed using propfan levels of tip speed and
SHP/D2. The higher tip speeds permitted by the propfan design provide modest
relief by propeller speed increases proportional to the tip speed increase,
but the much more significant factor superimposed on this is the effect of the
much larger levels of takeoff SHP/D2 permitted by propfan technology. The
much greater power loading permits a large reduction in diameter that there-
fore demands a greatly increased RPM to maintain the tip speed. As is shown,
propfan technology permits reducing the ratio (and therefore the SDG output

torque) by the factor of 2.63, for the hypothetical example.

It should be noted that the propulsion system is not the only beneficiary .

of propeller diameter reduction as the aircraft benefits by permitting closer

spacing of wing mounted engines. This enables a reduction in wing structural
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Figure 4.6-~4. APET Gearbox Study.

171



weight and smaller tail size because of easier engine-out control. Shorter,

lighter landing gear is still another benefit of smaller propellers.

4.6.3 Gearbox Design Approach

A consistent design approach has been used for all the candidate designs.
This design approach draws upon General Electric's data base already described
and also includes results of work currently in process. Bearing and gear
design analysis computer programs currently active at General Electric have

been used.

4.6.3.1 Design Requirements

The design requirements used for the preliminary design of the candidate

gearboxes are as follows:
Power = 12500 HP Max (at the propeller shaft)

Bearing System = 15000 hr.
L10 Life
From a typical mission cycle shown in Figure 4.6-5 the cubic mean torque
and an average operating speed was determined and used in calculating the
bearing lives. The cubic mean propeller thrust load was also calculated
to evaluate the life of the output shaft thrust bearing. These design loads

are as follows:

56150 in 1bs

7727 rpm

6885 HP

6390 1bs (15600 max.)

Cubic mean torque

Average input speed

Cubic mean power

Cubic mean output
bearing thrust load

In addition to the radial loads caused by the gear reactions, the
effects of the 1P shaft moments were also included when sizing the o&tput

shaft bearings.

The design approach used to size the APET gearbox is principally involved

with the design methods or techniques used for the gears and the bearings.
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Preliminary designs have used the approaches outlined in the following para-

graphs.

4.6.3.2 Gear Design Approach

The gear design allowables used in this study are as follows:

Compressive stress 165 ksi
Bending stress 55 ksi
Flash temperature >325 ° F

These design allowables do represent improvements over current design
limits of commonly used AMS6265 (AISI 9310). Present design limits are 136 -
151 KSI for compressive stress and 44 - 50 KSI for root stress for 1010 stress

cycles depending on the material heat treat procedure.

Some experimental data on CBS600, Vasco-X2 Modified and Cartech EX~53
have indicated improvements in load capacities over the present capability of
AMS6265 although all experimental data does not substantiate the higher capa-
bility of Vasco-X2 Modified (Reference 35). Reference 36 indicates a bending
stress improvement of approximately 20%Z for Vasco-X2; another source, Refer-
ence 37 indicates an improvement of about 24% in compressive stress capabil-
ity when compared to AMS6265. Additional evaluation of CBS600 will be needed
to determine its relationship to AMS6265 since Reference 38 indicates no
basic difference in compressive stress capability. Unreported testing of
Cartech EX-53 at NASA Lewis indicates this material shows a life improvement

when compared to AMS6265 material.

All of these materials have higher tempering temperature which should
move the threshold at which scoring occurs upwards from AMS6265. A flash
temperature goal has been established at 325° F because of the higher temper-
ature capability of the materials under consideration. The present limit for

low risk is 275° F with MIL-L-7808 lubricant (Reference 39).

4.6.3.3 Bearing Design Approach

For this design study an L10 system life of 15000 hr. has been used.

System life is calculated by the following equation:
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= [L"3 P L L'B] -1/8
sys 1 2 n
L = L10 of individual bearing using cubic mean power

B = Weibul} slope constant of 1.5 which is consistent with General
Electric engine experience.

Bearing lives are calculated using computer programs available at
General Electric. AFBMA life calculations were used in this study. Multi-
plying factors of 12 for ball bearings and 6 for roller bearings were applied
to AFBMA life calculations. Multiplying factors consistent with high horse-
power gearboxes will have to be developed for gearbox bearings by compomnent
test; multiplying factors of 12 for ball bearings and 6 for roller bearings
may be too conservative. Main shaft bearings for large bypass fan engines

have demonstrated multiplying factors of 30 or more.

Bearing material is VIM-VAR M50 which is utilized extensively in the
General Electric's line of engines. Some recent encouraging work on fracture
tough bearing material will make this material a serious contender for high

horsepower reduction gearbox bearings.

4.6.4 Description of Detailed Preliminary Designs

4.6.4.1 Design No. 1 - Offset Planetary

Gearbox (1) is similar in layout to the T64 turboprop gearbbx. The

design intent was to see what effects the upscale from 3-4000 SHP (T64 level)
to 12.500 SHP (APET level) would have. The
4.6-6. This gearbox design includes all the lessons learned from T64 exper-

ience and incorporates the latest features introduced from a long history of
development. It does however, have one major difference - the overall reduc-
tion gear ratio which is 13.44 for the T64 vs the 7.8:1 required by the APET

propfan and engine.

Well established materials and lubrication methods are included and an

' adequate space has been allotted to accommodate a prop brake. A free access

bore of 3-inch diameter has been reserved in extension of the prop shaft to
the extreme aft face of the accessory gearbox, which is provided with a

mounting pad for the benefit of through-the-shaft propeller controls.
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Figure 4.6-6. APET Gearbox 12500 Shp Offset/Planetary.
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The principal characteristics of this design are:
i

Prop shaft rpm: 1104 rpm
Input rpm: 8660 rpm

Ratio (overall): 7.844:1
Input (offset ratio) 1.5116:1
Planetary Reduction 5.1892:1

A weight breakdown of this design is shown by Table 4.6-1..

Table 4.6~1. Weight Breakdown of APET Offset
Planetary Reduction Gearbox.

Weight,
1b
e Front housing 200 . cast
e Aft housing + midframe 270 cast
® Accessory drive housing 60 cast
e Propeller shaft 300 forged
e Planet assemblies (4) 200 forged
e Bull gear : 120 forged
e Input pinion 75 forged
® Sun gear . 25 forged
e Ring gear 70 forged
e Ring gear support 30 forged
e Propshaft thrust bearings 36
e Scavenge and lube pump 50
1436

4.6.4.2 Design No. 2 - Offset Star

Gearbox (2) was designed to evaluate a star versus a planet system, i.e.
it can be directly compared with gearbox (1). This gearbox, shown in Figure
4.6-7, also has space allocated for a prop brake and has a free access bore
of 3 inches to the extreme aft face of the accessory gearbox. A mounting pad

is provided for a through-the-shaft propeller control.
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The principal characteristics of this design are:

Prop shaft rmp: 1104

Gearbox Input rpm: 8619

Ratio (Overall): 7.807:l

(1st) Ratio (Input-Off Set): 1.5614
(2nd) Ratio (Star): 5.00

A weight breakdown of this design is shown by Table 4.6-2.

Table 4.6-2. Weight Breakdown of APET Offset

Star Reduction Gearbox.

Weight,
1b
e Front housing 200
e Aft housing + midframe 270
e Accessory drive housing 60
® Propeller shaft ' 100
® Internal gear 210
e Star assemblies (14) 280
e Bull gear 125
e Input pinion 80
® Sun gear 20
® Propshaft thrust bearing 36
® Scavenge and lube pump- 50
1431

cast

cast

cast

forged
forged
forged
forged
forged
forged
forged

4.6.4.3 Design No. 3 - Simple Planetary

The ratio requirement for a propfan gearbox is within the capability of a

single planetary stage. The third configuration selected for a preliminary

design is a single stage in-line simple planetary. This design is shown in

Figure 4.6-8. A through-the-shaft access for propeller control purposes is

not possible in this configuration due to the absence of a parallel shaft.

unique feature of this design is that the gears are double helical.

A
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The principal characteristics of this design are:

Prop shaft rpm: 1104
Input rpm: 8587
Ratio (Overall, One-step, Planetary) = 7.7778:1

A weight breakdown of this design is given by Table 4.6-3.

Usually planetary configurations are among the lightest in weight, and
because thére is no input offset stage this design might have been expected to
be the lightest of all. Such was not the case as it is essentially at the
weight of the first two designs discussed. The principal reason for this is
that the ratio required, though still within the practical capability of a
single stage simple planetary, is outside the range where the planetary per-

forms to best advantage from a weight standpoint.

Note that the weight of this configuration includes an internal propeller
brake. The brake is shown in Figure 4.6-8. As mentioned earlier, the gear-
boxes shown in the earlier Figures are designed such that they can accommodate

a similar type of brake.

4.6.4.4 Design No. 4 - Double Reduction Triple Branch

The fourth candidate configuration selected for a preliminary design is
the double reduction triple branch gearbox shown in Figure 4.6-9. A detailed
weight breakdown of this design is shown by Table 4.6-4. Unlike the other
double reduction gearbox in this study (double reduction, double branch; Fig-
ure 4.6-10), this one is reverted rather than offset, having its input and
output shafts on the same centerline. As is the case with the simple plane-
tary, through-the-shaft access for a propeller control mounted on the rear of
the gearbox is not possible. The screening method referred to in Section
4.6.1.3 indicates a weight saving as the number of branches is increased.

This particular design, however, did not capitalize on this theoretical advan-
tage as it is the heaviest gearbox in the study and was the first one rejected

solely because of its weight.
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Table 4.6-3. Weight Breakdown of APET Simple
Planetary Reduction Gearbox.

Weight,
1b

. Front housing 200
° Aft housing 270
) Accessory drive housing 60
° Propeller shaft 250
° Planet assemblies (3) 300
° Ring gear 120
° Ring gear support 120
° Sun gear 25
° Input shaft 25
° Propeller shaft thrust bearing 36
® Scavenge and lube pump 50
° Propeller brake , _10

1526

Table 4.6-4. Weight Breakdown of APET Double
Reduction Triple Branch Gearbox.

Weight,

1b
® Front housing 236
° Aft housing + midframe 440
° Accessory drive housing 60
° Propeller shaft 525
° 3 Forward pinions 157
° 3 Quill shafts 49
. 3 Aft gears 306
. Input pinion 36
. Propeller thrust bearing 36
° Scavenge and lube pump _ 30

1895
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Modern High Horsepower Gearbox III (Simple Planétary).

Figure 4.6-8.
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Figure 4.6-9.

10 20

AEPT Gearbox 12500 Shp Double Reduction Triple Branch.
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4.6.4.5 Design No. 5 - APET Bual Branch, Two-Stage Reduction Gearbox

The fifth selected candidate gearbox is a APET dual branch, two-stage reduc-
tion gearbox design. The principal features of which are shown by Figure 4.6-10.
This configuration has received favorable comment in recent industry literature and
is also the configuration used by both the CT-7 and PW-100 turboprops. The

materials are shown by Figure 4.6-11 and the weight summary is given by Figure
4.6-12,

This configuration was subjected to a rigorous weight determination pro-
cess using the GE computerized graphics system. See Section 4.6.11 for an

example of the weight calculation process.

This design was subjected as well to a detailed preliminary cost estimat-

ing procedure. The details of this process are also to be found in Section
4.6.11.

4.6.4.6 Design No. 6 — Compound Star

The sixth gearbox configuration that was selected for a preliminary
design is a triple branch compound star layout. The principal features of
this gearbox are shown in Figure 4.6-13. Figures 4.6-14 and 4.6-15 respec-
tively show the materials of the principal components and the weight summary.
This gearbox, like the single stage simple planetary, and the double reduction
triple branch are inline configurations, whereas the remainder are all offset.
This design, like the other inline configurations, does not permit through-

the-shaft access to the propeller from a rear mounted control.

Configurations 5 and 6 were subjected to a rigorous weight determi-
nation process using the GE computerized graphics system. See Section 4.6.11

for an example of the weight calculation process.

4.6.4.7 Design No. 7 - Coupled Planetary

A conceptual design as opposed to a preliminary design was made of a 7th
candidate configuration. This configuration (see Figure 4.6-16) is a coupled
planetary or a dual-path planetary as it is sometimes known. The conceptual

design was used to compare with the configuration of Figure 4.6-10 (double
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Figure 4.6-10. APET Dual Branch, Two-Stage Reduction Gearbox.
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Figure 4.6-11. APET Dual Branch Two-Stage Reduction Gearbox.
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Figure 4.6-12. APET Dual Branch Two-Stage Reduction Gearbox.
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reduction, double branch) for the purpose of determining the relative cost
between the two designs. The high parts count weighed heavily against this

design, making it among the most expensive.

4.6.5 Final Selection Process

4.6.5.1 Criteria Affecting Direct Operating Cost (DOC)

The DOC cost model developed as part of this study for the defined APET
mission was exercised for the purpose of identifying the sensitivity of the
gearbox parameters known to affect DOC directly. 1In addition, these same
parameters were ranked by experienced gearbox design personnel from the stand-
point of degree of difficulty in achieving a measure of improvement above cur-
rent levels. The results of both exercises are shbwn by Figure 4.6-17. This
figure shows that weight is the significant gearbox parameter insofar as
effect on DOC with maintenance cost and base price virtually tied for a lesser
but still significant effect. Power loss has but a small effect on DOC as
shown by the chart. When looking at the absolute levels of the effect upon
DOC of the various gearbox parameters, it might seem that the gearbox drives
DOC very lightly, but it must be remembered that the gearbox is but a com-
ponent of the propulsion system, not unlike a compressor or power turbine.

The levels of sensitivities of these other components are of the same magni-
tude as the SDG, and although the contribution of each is small, the cumula-
tive effect is large indeed. The other significant item in Figure 4.6~17 is
the last column which ranks the four variables as to the difficulty of achiev-

ing a 10%Z improvement.

When both features of Figure 4.6.4-17 are considered together they suggest
where the emphasis should be placed in SDG development. For example, the
small impact of power loss coupled with the difficulty in achieving a signifi=-
cant improvement suggest that this should not be a priority issue. Of course,
this should not be interpreted as an endorsement of inefficient gearboxes, but
rather that this analysis suggests that if invested in the reduction of main-
tenance costs, for instance, a unit of development effort has the probability
of producing a much greater positive effect on DOC. Following is a discus-

sion of how the design can influence each wvariable.
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The values for each parameter are expected to lie within the

shaded boxes.

The uncertainty of each value is directly attributed to the

overall uncertainty of the total DOC.

Figure 4.6-17. APET Gearbox Economics.
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4.6.5.2 Maintenance Cost

This is a heavy driver of DOC and it is the area that will probably be
responsible for the most significant design practice departures from past
gearboxes. Three approaches are suggested which will produce the most signif-

icant reductions in maintenance costs.

1. Modularity

A modular design of the gearbox itself is a significant departure from
past practice in SDG's and will permit greatly reduced maintenance costs.
Only those functions directly related to the primary job of speed reducing
(bearings, gears, seals) should be permitted to occupy space within the rel-
atively inaccessible gearbox housing interior. Items such as scavenge pumps,
propeller brakes, hydraulic slip rings, etc. should be accessories external to
the gearbox itself. 1In addition the installation of the entire propulsion
system should permit component replacement with minimum disturbance of adja-
cent items. Modular construction will do little for the overall system reli-
ability but it will greatly improve the reliability of the SDG itself as fail-
ures of the accessory modules will not be charged against the -SDG because SDG
removal and teardown will not be required to repair faults in these other
areas. Modular construction can have an undesirable effect on weight, as the
lightest weight designs tend to be associated with integrated construction.
Overall system reliability may also suffer slightly as, for example, modular

construction may increase the number of fluid connections that are subject

to leak.

2. Condition Monitoring

Effective vital function and diagnostic instrumentation that is part of
the original design will be effective in keeping maintenance costs down.
When combined with modular comstruction, diagnostic instrumentation in con-
junction with an appropriate information processing capability will afford
the ability to fault isolate to an individual line replaceable unit (LRU).
The goal should be early realization of on-condition maintenance. This will

demand some minimum complement of vital function instrumentation.
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3. Basic Design Considerations

The factors here that will most affect maintenance cost are:

a. Design for long system life. This will simultaneously enhance
reliability but will come at the cost of weight and base price.

b. Design for assemblability. This will both show to advantage in
base price as well as in overhaul cost.

c. Low parts count. Maintenance costs are a function of the number of

piece parts that must be stocked, inspected, refurbished, and
assembled.

4.6.5.3 Base Price

Modularity will greatly reduce the base price of the SDG itself, although,

like weight, overall system price may be favored by integrated designs. Mak-
ing these detailed trades is considered beyond the scope of the present study.
The features of the basic design that most influence base price are simplicity
and low parts count. Specific attention to design for producibility and
design for easy assembly are the factors other than the selection of an inher-
ently low cost configuration that will be most effective in controlling base

price. Lastly, development costs will be reflected into the base price. The

more complicated configurations, particularly the planetary units, are the ones

most likely to have the highest development costs.
4.6.5.4 Weight

This is the most vexing variable both because it is the largest driver
levels. 1In addition, the bulk of the previously mentioned desirable attri-
butes of a modern gearbox (modular construction, design for long system life,
added instrumentation, and cost reductions in design) tend to affect weight
undesirably. The most effective approaches to a lightweight SDG are:

1. Selection of a configuration that is inherently lightweight. An
example is that increasing the number of branches reduces weight.

2, Employment of weight saving design features and construction. An

example of this is the built-up output gear assembly in the double
branch double reduction configuration.
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3. The greatest opportunity for gain, and the most challenging tech-
nology, is to increase successfully the K-value factor of the design.
This will permit more torque to be carried through a given mesh.

The APET study activities pointed to the following most promising
avenues:

a. Improved materials

b. Advanced lubricants

c. Revised tooth form.

4.6.5.5 Power Loss (Efficiency)

The payoff in making a breakthrough in this area will not be great. What
is recommended is proceeding with sound engineering practices and using fully
the technology altea&y in hand. Reducing the speed dependent losses in a
given configuration is a major concern. Areas deserving attention are:

1. Proper jetting and application of lubricant to introduce only the
minimum flow necessary and thus reduce churning losses.

2. Good practice in effective scavenging is essential to remove the
lubricant as soon as its job is done to minimize the energy it
will absorb from rotating elements.

3. Proper use of windage screens, baffles and internal clearances will
reduce the windage losses to low levels.

4. A novel approach not currently used is to reduce or modulate the
lubricant flow as a function of torque such that the flow is never
in excess of what is required.

‘The configuration selected can affect the losses. Each mesh represents a

loss, so single stage units have the edge over double reduction designs. The

number of branches, however, should have a negligible effect on efficiency.

4.6.6 C(Criteria with Lesser Effect on DOC

4.6.6.1 Reliability

As stated in Section 4.6.1.1 it is a virtual certainty that to be a com-

mercially acceptable product, a future SDG will have to possess a very high
level of reliability much in excess of what has been exhibited by past designs.

All of the candidate gearbox configurations have the capability of evolving
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into highly reliable designs therefore it is not the issue as to which candi-
dates possess the most inherent reliability but instead how difficult is it to
achieve a given level of reliability with each design. An example to illus-
trate the foregoing is bearing system L10 life. The expression for system
life is

L o=[LB LB e ---1LB| "U/B
sys 1 2 n

where L) , represents the L 10 lives of the individual bearings. It can be
readily seen from this equation that designs having a large number of bear-
ings must have greatly elevated life for each individual bearing to maintain
system life. Designing individual bearings to these high L 10 values impacts
weight and cost greatly. The foregoing strongly suggests that the configura-

tions with low parts count will have a significant advantage.

The seven candidate designs are ranked in Table 4.6-5 from the standpoint

of difficulty in design of achieving a common base reliability goal.

Table 4.6-5. Gearbox Design Ranking.

Ranking (higher number
Configuration is more desirable)
1. Offset planetary 2
2. Offset star 3
3. Simple planetary 3
4. Triple branch 3
5. Double branch 4
6. Compound star 3
7. Coupled planetary 1

Another approach to increased reliability is the proper use of vital

function and diagnostic instrumentation and supporting devices in the SDG and
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its systems. This approach is considered beyond the scope of the present

study, however.

4.6.6.2 Frontal Area

The various preliminary design gearboxes differed in frontal area which
has been a measure of merit in some past installations. 1In the case of the
APET study, however, all the candidate designs described in Section 4.6.4 could
be contained within the 0.3 radius ratio propfan nacelle designs described in
Section 4.7. As a result, frontal area was not used as a criteria in choosing
among the designs. As a matter of interest, the coupled planetary is probably
the smallest, and the portions of the housing adjacent to the two layshafts in
the double branch double reduction gearbox described in Section 4.6.4.5 leave

the least clearance to the nacelle outer skin.

4.6.6.3 Reverse Rotation

Opposite rotation on opposite engine locations of a twin engined aircraft
with wing mounted tractor engines (the configuration of the APET study air-
plane) is viewed as a possible requirement from the standpoint of reduced
cabin noise or the desire for aerodynamic symmetry. Opposite rotation could
be achieved either by left and right hand gas generators or by reverse rota-
tion within the gearboxes. Insofar as accommodating reverse rotation require-
ments within the gearbox it would be noted that some of the candidate gear-

'~ boxes have output shaft rotation in the same direction as the input shaft

whereas the remainder have opposite rotation.
Table 4.6-6 summarizes gearbox rotation.

One solution to the problem would be to select entirely different con-
figurations for opposite engines, for example an offset star for the left
hand engine location and an offset planetary for the right hand location. The
obvious disadvantage of this solution is that it requires the development,
manufacture, and support of two different designs with great impact on first

cost and maintenance cost.

None of the inline or concentric designs in Table 4.6-5 (No's 3, 4, 6,

and 7) have the capability for absorbing a practical modification to provide
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Table 4.6-6. Gearbox Rotation.

Configuration Input vs. Output Rotation
1. Offset Planetary opposite
2. Offset star same
3. Simple Planetary same
4. Triple Branch : same
5. Double Branch same
6. Compound Star opposite
7. Coupled Planetary same

reverse rotation. The offset designs, on the other hand, could be fitted with
appropriate idler gears in the first or input stage (where the torque levels
are lowest) to reverse the rotation. The split gearbox configuration already
shown in Figure 4.4-15 is also capable of reverse rotation modification.
Figure 4.6-18 shows the reversing idlers in the various input stages. Gearbox
weight just resulting from the added parts would increase approximately 100
pounds as a result of incorporating idlers. There would be an additional
weight increase, as in order to hold the line on system L 10 life the increased
number of parts would require that existing parts be redesigned with increased
individual lives. Gearbox efficiency would be impacted by approximately 1/2%
which would actually be a 50% increase in power loss resulting from the addi-
tion of reversing idlers. The lubrication and heat exchanger systems would

also receive an unfavorable weight impact.

4.6.6.4 Pitch Change Access

All the offset designs among the candidates (1. Offset planetary, 2. Off-
sét star, and 5. Double branch double reduction) have provisions for through-
the-shaft access to the propeller pitch change mechanism from a propeller con-
trol mounted on the rear of the gearbox. Unfortunately, such access 1is not

possible in any of the remaining designs, which are all concentric or in-line
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designs. Although it is recognized that this lack of access could have seri-
ous propeller system implications, the concentric designs were not derated
because of this. A potential solution to this concern might be the develop-

ment of a modern technology all-electric propeller pitch change system.

4,6.7 Selection

The original field of seven configurations which survived the preliminary
screening process was further reduced to two final designs that are recom-
mended for future study and development. The final selection was based on
the DOC effect of the properties of the various candidates. The candidate
gearboxes were ranked for each merit category. The ranking number was then
multiplied by an adjusted weighting factor to obtain a measure of merit value
that is representative of DOC impact. The weighting factors used are consis-
tent with the sensitivities shown in Figure 4.6-17. The scores for the various
merit cateogries were then totaled to obtain an overall rating value for each
gearbox configurations. The higher values represent more favorable DOC impact.
The tabulations are shown by Table 4.6-7. The selected configurations are #5,

the double branch double reduction, and No. 6 the compound star.

Although not used in this selection, the criteria discussed in Section
4.6.6 are also of great interest. The rankings previously developed in this
Section are summarized in Table 4.6-8. The candidate with the highest score

(No. 5) also rated highest in this table.

4.6.8 Design Description of Two Selected Designs

From the matrix of seven gearbox configurations screened two have been
selected as prime candidates for further development. These two are an
offset dual branch, two stage reduction gearbox and an inline triple branch

compound star reduction gearbox.

4.6.8.1 Offset Dual Branch, Two Stage Reduction Gearbox

The offset gearbox already shown in Figure 4.6-10 contains the following

features:
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Gearbox Candidate Rating.

Merit Category
——————{erlt Values) Overalt
Maint, Base Power || Rating
Weight Cost Price Loss Value
1.7 46 4 .8 2.1
1.7 6.8 6 .8 5.3
1.7 6.8 6 23 26.8
5.9 6.8 6 .8 19.5
17.6 9.1 10 .8 3.5
17.6 6.9 8 2.3 348
17.6 23 2 1.5 23.4
Gearbox Candidate Rating.
Can accept modi- | Through-the shaft | Design for
fication for reverse| PCM access Reliability
rotation
Yes Yes 2
Yes Yes 3
No No 3
No 3
Yes Yes 4
No No 3
No No 1




° Inherently high reliability due to minimum number of parts.
° Propeller shaft bearing span consistent with long bearing life.
. Built up output shaft featuring sectional properties that enhance

shaft stiffness.
° High speed auxiliary drive for accessories drive.

® Housing that incorporates internal lube tank (similar in concept to
General Electric CT7).

° Straight through prop fan pitch change mechanism control accessi-

bility.

As shown in the figure, engine power drives a 30T input pinion gear
which then drives two double idler gears. It is important in a multi-branch
gearbox to provide for equal load sharing between the branches. This has
been accomplished in similar designs (CT7) by allowing the input gear to
move along the line of action until equal load sharing has been achieved.
There are several ways of accomplishing this, one of them being by using a

double balancing beam which is the selection for the APET gearbox.

The idler gears are a one-piece configuration with the large gear having
63 teeth and the smaller gear having 28 teeth. The 28 tooth gears drive the
large 96 tooth output gear.

A high speed auxiliary drive is provided by meshing a power takeoff gear
with one of the 63 tooth idlers. This inherently provides a high speed drive

with the minimum number of gears.

It is proposed to use the gearbox housing cavity as a lubricant reser-
voir with a lube pump driven from the reduction gear train. The internal
cavity of the housing will be shrouded to minimize windage losses due to

0il churning.

The gearbox has an overall gear ratio of 7.191:1. The gear arrangement
has two stages of reduction and the ratio split for the lightest weight was
determined from Figure 4.6-19. This figure plots the total disk volume (S face
width x dia2) of the gearbox versus the first stage gear ratio. For minimum
weight the first stage ratio is 2.1:1 which has been used in this study. The

second stage ratio is 3.428:1.
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~ For this study a standard involute gear tooth system has been utilized
with a zero helix angle. This will result in the lowest bearing loads and
the output and input bearings will not have to react thrust loads due to
helix angle. Some of the other gearboxes studies did use helical gears and
as future refinements are introduced the final design consideration of tooth
geometry must consider at least the following:
° High profile contact ratio gearing which could increase the
Hertzian stress capability of the gear set by approximately 30%.
This type of gearing has been used very successfully on the NASA
QCSEE engine but is very sensitive to load sharing between teeth

since the bending stress capability of individual teeth is less than
standard teeth (see Reference 43).

° Helical gearing with a face overlap ratio over two to reduce both
the bending and Hertzian stress in the gear teeth. Loads in the
double idler would be balanced by properly selecting the helix angle
of each stage. The bearing loads would be higher but overall there
may be advantages. This is expected to reduce gear noise signifi-
cantly as well. -

Preliminary stress analysis has been performed on the gears utilizing
American Gear Manufacturing Association Standards (AGMA) 210.02, 220.2 and
217.01. A computer program developed at General Electric, which includes AGMA
analysis design equations, was used in the analysis. The gear stresses shown
in Table 4.6-10 have not been modified by any factors given in the AGMA stan-

dards (overall deration factor = 1.0).

As can be seen in Table 4.6-~9, the compressive stress will be the cri-

teria that will size the final design.

Computer techniques were used to determine the bearing loads and load
direction for each gear. Figure 4.6-20 shows the graphic output from this
computer program for the 63/30 tooth idler gear. The bearing configuration
and life summary is given in Table 4.6-10. A system life of 15000 hours has
been calculated for the nine bearings in the system. Individual bearing lives
were calculated utilizing Anti Friction Bearing Manufacturers Association
(AFBMA) methods by computer techniques long established at General Electric.
The lowest individual bearing life is 27200 hours using overall life multi-

plying factors of 6 and 12 for rollers and ball bearings, respectively.
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Table 4.6-9. Gear Stresses for Offset Dual Branch Two

Stage Gearbox.

Stage 1 Stage 2

No. Teeth
- Pinion 30 28
- Gear 63 96
Diametral Pitch (P) 5.00 3.738
Pressure Angle (degree) 22.5 22.5
Face Width (F) 4.80 5.85
K Factor 811 784
Compressive Stress (KSI) 161 161
Unit Load (UL) 16500 17000
Bending Stress (KSI) 39.3 40.5
Flash Temp. Index (°F) 325 313

The K factor and Unit Load (UL) are defined as follows:

FD MG
WT
UL = FXP
WI = Tangential Driving Load
MG = Gear Ratio (>1) (use - for internal gear mesh)
D = No. Teeth/P = Pitch dia. of smaller gear
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Figure 4.6-20.

APET Dual Branch Two-Stage Reduction Gearbox.

205




Using the gears and bearings designs shown in Tables 4.6-9 and 4.6-10
and the materials shown in Figure 4.6-11 the gearbox was calculated to weigh
1068 1bs.

4.6.8.2 Inline Triple Branch Compound Star Reduction Gearbox

The inline gearbox configuration shown in Figure 4.6-21 contains the fol-

lowing features:
o Simple compact kinematic arrangement.

) Propeller shaft bearing span consistent with long bearing life.
Span is increased by mounting aft bearing in the star gear cavities.

° Floating ring and sun gear for gear tooth load sharing.

° Triple branch for inherent gear tooth load sharing.

° High speed auxiliary drive for accessories drive.

° Access to hydraulic pitch change system transfer bearing through

stationary gear carrier.

As shown in the figure, engine power drives a 33T input pinion gear

which drives three double idler gears. These three equally spaced idler gears
drive a large 87T internal gear. The internal gear is splined to the propel-
ler output shaft. The propeller output shaft aft roller bearing has been
mounted in the idler gear carrier to maximize the bearing span distance. A
stiff two piece carrier is used to allow assembly of the internal gear past
the forward bearings of the three idler gears. Load sharing is accomplished
by "floating" the internal gear utilizing three planets, and allowing the
input gear to center between the three idler gears by the use of flexible

couplings.

A one piece design is shown for the 33/66 idler gear. Whether machined
as one piece, or providing for an in-process inertia or EB weld between the

two gears will have to be evaluated as the design progresses.

An important consideration for the assembly of a "star' gear arrangement
is the proper selection of teeth numbers; this will have to be optimized along

with stress and scoring considerations.
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Table 4.6-10. APET Dual Branch Two-Stage Reduction Gearbox.

& ®

. 00

o BRG System
. Life = 15000 Hr

& Life Summary

L

ol

Iﬂ.
Bearing Configuration (=]

Pos. Mean Dia. Element Size Number Dynamic Load Speed B10 Life
(Inches) (Inches) Elements Capacity (Lbs) (Rpm) (Hours)
(1bs)

1 - - - - - - 200000
2 - - - - - - 200000
3 7.96 1.38x1.38 14 107480 10900 3677 56000
4 7.84 .79x.79 24 52780 4030 3677 144000
5 7.96 1.18x1.18 16 85990 12730 1073 47600
6 12.10 1.50x1.50 ° 20 154000 20170 1073 27200
7 12.44 1.68 Dia. 18 55300 6390 1073 120800
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Figure 4.6-21.

12500 HP

APET Triple Branch Compound Star Reduction Gearbox.
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The design shown in the figure also provides a high speed

at an angle of 30° from the horizontal.

The offset angle will be selected

based on the location of the accessory gearbox in the nacelle.

This gearbox has an overall gear ratio of 7.25:1 with the first stage

ratio being 2.00:1 and the second stage being 3.625:1.

accessory drive

In this gearbox, as in the offset gearbox, a standard involute gear tooth

system with zero helix angle has been designed.

given to utilizing high contact ratio gearing or helical gearing, in any fur-

ther development effort.

Preliminary stress analysis has been completed on the gears using AGMA

standards for calculation. The gear stresses are shown in Table 4.6-11 with

an overall deration factor of 1.0.

Table 4.6-11.

Star Reduction Gearbox.

Gear Stresses for Inline Triple Branch Compound

No. Teeth Stage 1 Stage 2
- Pinion 33 24
- Gear 66 87
Diametral Pitch (P) 5.077 3.230
Pressure Angle (degrees) 22.5 22.5
Face Width (F) 2.90 2.90
K Factor 774 572
Compressive Stress (KSI) 156 145
Unit Load (UL) 17040 18965
Bending Stress (KSI) 38.7 43.1
Flash Temperature (°F) 324 302

For this design the compressive stress will be the sizing criteria.

Shown in Table 4.6-12 are the bearing configurations and the life sum-

mary. For this gearbox arrangement the system life calculated to be 17500

The lowest individual life is 52000 hours.

hours.

Since the system life is

Consideration will have to be
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Bearing Configuration

Table 4.6-12,

& Life Summary

(8)

j
"

Brg. System
Life = 17500 Hr

APET Triple Branch Compound Star Reduction Gearbox.
o
o
‘.____U_QL_.|
g on
a
o ©/n '

Pos. Mean Dia. Element Size Number Dynamic Load Speed Bl0O Life
(Inches) (Inches) Elements Capacity (Lbs) (Rpm) (Hours)
(Lbs)
1 ~ - - - - 7727 >200000
2 ~ - - - - 7727 >200000
3 ~ - - - - 7727 >200000
4 5.81 1.30x1.30 12 78570 7080 3864 78260
5 6.50 1.46x1.46 12 97600 9020 3864 71950
6 7.87 .83x.83 26 58090 8550 1066 52000
7 212.44 1.68 Dia. 18 55300 6390 1066 121600
8 12.00 1.34x1.34 22 13340 8550 1066 673700
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a function of the individual bearing lives and the number of bearings the
individual bearing lives have to be higher in the inline design when compared

to the offset design because three additional bearings are required.

Using the gears and bearing designs shown in Table 4.6-11 and 4.6-12 and
the materials shown in Figure 4.6-14 the gearbox was calculated to weigh 1162
1bs.

4.6.9 Lubrication

Current U.S. turboprop engines generally use the same type of oil in the
power transmission (gearbox) as is used in the gas-turbine, in a shared lubri-
cation system which, in some cases, is also used in the propeller pitch change
mechanism. The o0il specifications used are for low-viscosity MIL-L-7808
or MIL-L-23699, which oils are more directly tailored to the high temperature
requirements of engine main shaft bearings. Thus the engine, not the gearbox,

is favored in the selection made.

Ideally, gear systems would be better lubricated by a higher viscosity
0il - which could also have boundary additives to increase the maximum load
capacity of the gear sets and thus a non-shared lubrication system has obvious
merits. This study has therefore concentrated on a non-shared system with an

attempt being made to answer the following question:

"Can Synthetic oils be selected, or formulated, to accept much higher
gear mesh loads than MIL-L-7808 (or MIL-L-23699) at bulk oil temperatures
approaching 300° F?"

The TELSGE computer program (Reference No. 44), has been used, together
with other analytical techniques, to provide a strong data base for future
efforts. Comparisons have been made with an empirical data base from T64 sun
and planet gear sets when lubricated with MIL-L-7808 oil operating through a
range of elevated temperatures. Having established a good T64 gearbox cor-
relation with Elastohydrodynamic Theory (EHD) for existing, known, viscosity
versus temperature behavior for surface finish of gears in the range of cur-
rent manufacturing capability, various input parameters were modified accord-

ing to the characteristics of some newer, synthetic, oils. The effects of
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increasing hypothetical viscosity of existing oils has also been studied
and compared with results obtained from running the programs with the quoted
capabilities of some experimental lubricants. Some conclusions are listed
below:
1. Good agreement exists among the following: Actual T64 testing up to
the point of gear set surface distress with high temperature lubri-

cants; the TELSGE analytical process; the method of Wellauer and
Holloway (Reference 41)

2. The minimum specific EHD film thickness has been established for the
T64 sun and planet gears.

3. An Emgard EP 75W-90 ("Frigid Go") lubricant appears to have a good
balance of physical properties, cost and near-term availability for
high-performance gear transmissions.

4. Other good candidates may be available from formulations of high-
viscosity synthetic esters, paraffinic hydrocarbons, and perfluo-
rinated polyethers. ,

These conclusions are tentative and experimental programs should be insti-
tuted perhaps using an advanced design of disc type test machine, to evaluate

load carrying capacity with additive effects.

4,6.10 Heat Exchanger System Design

The air-to-oil heat exchanger studied for the APET application is a
Hughes-Treitler design with a 319 sq. in. airflow cross section. For the
nacelle-mounted installation the heat exchanger has been located in the lower
portion of the engine nacelle near the engine inlet in an area which would
otherwise be unoccupied. The design selected for the external nacelle shape
accommodates the inlet and the exhaust nozzle and tailors the system external
lines as closely as possible to basic nacelle contours to minimize additional
drag while incorporating the requirements of the inlet flowpath and heat

exchanger volume.

The heat exchanger shape chosen for this nacelle location is an annular
segment with its center on the engine centerline. The radial depth limit of

the heat exchanger was determined by consideration of the inlet contour and a
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two inch clearance enveiope between the heat exchanger and engine envelope.

This results in an annular depth of 15.3 inches. Combined with the 319 sq. in.
cross-sectional area, this would correspond to a segment arc of 54.4°. However,
the arc limit of the annular segment is set by a desire not to extend the heat
exchanger beyond the engine inlet circumferentially. This arc was computed to
be approximately 90°. An evaluation of the two limits, arc length vs. radial
depth, indicates the arc length is favorable because it allows the shortest
overall pod length for a smooth blend from external pod contour to engine
nacelle coﬁtour. The radial depth of the annular segment was thus determined

to be '10.21 inches for the selected 90° arc segment.

The heat exchanger exhaust duct contour is designed for the M.8/35K ft.
cruise condition. The airflow, temperature and pressure of the heat exchanger
at this condition were used to determine nozzle exit area of 16.98 in.2. The
extremely low duct Mach numbers, less than 0.1, make internal duct losses
largely insensitive to duct contour; and for this reason, a duct having a
smooth transition from the heat exchanger to the nozzle exit was considered
sufficient. Due to the relétively large radial spacing between the heat
exchanger and the external contour, i.e., 4.6 inches, and the desire to keep
weighﬁ down, the internal duct lower surface contour has been designed to
rapidly approach the external contour. In this way, the aft portion of the
duct/pod could be fabricated from a single sheet of material. The shape
contour change has, as already mentioned, little effect on the internal duct
losses due to low duct Mach numbers. The flow, temperature and pressure of
the heat exchanger system at the takeoff condition were used to determine the
maximum required nozzle exit area of 72.62 in.2; and a hinge position on the
duct/pod wall for nozzle area variation has been selected to minimize angular
rotation of the nozzle and keep the exhaust flow at takeoff (open area)

axially aligned.

Heat exchanger system loss calculation procedures are detailed in

Appendix I. Also included in this Appendix are diagrams and figures for the

selected heat exchangers.
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4.6.11 Cost and Weight Estimating Methodology

4.6.11.1 Gearbox Costs

The APET double branch, double reduction offset gearbox design was manu-
facturing cost-evaluated by General Electric's Advanced Value Process Engi-
neering personnel. Each individual part was subjected to a "make or buy"
scrutiny, and in the case of decisions to "make" a manufacturing process plan
was set up and run on the computer. In the case of "buy" decisions, vendors
costs for similar items were used. All the estimates were made in 1982

dollars. Variables used included:

° Labor Rate

. Direct and indirect overhead costs
° Year Dollars

° Manufacturing lot size

' Percent variance

. Percent rework

) Percent scrap

Certain assumptions were made regarding the selected materials in the parts,
especially with regafd to wall thickness of the gearbox castings, coring of oil
delivery and scavenge passages, forgability, castability and machineability.
These assumptions were cross-checked against specifications for similar produc-

tion parts for production costs.

A manufacturing price, based on the 250th unit (manufactured as an ele-
ment of a production batch of 20) was estimated to be 183K dollars. This
price does not include amortization of R&D including development testing,
facilities costs, design costs, etc. However, the price as defined above is
considered to be surprisingly reasonable for an advanced production gearbox,
and certainly does not appear to be a negative factor in the development of
the high horsepower turboprop system. The true selling price of the gearbox,'
with all the development and test costs properly allocated would be expected
to add between 70 and 80 percent to the quoted manufacturing price for a

production run of 1000 gearboxes.
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4.6.11.2 Weight Determination

The gearboxes described in Sections 4.6.4.5 (double branch, double reduc-
tion) and 4.6.4.6 (triple branch, compound star) were both subjected to a very
rigorous weight determining process. Every major component was entered into
the GE Interactive Graphics System (IGS). A computer program would then per-
form a volume calculation of the part and then calculate the weight using the
appropriate material density. Where appropriate, centers of gravity and
moments of inertia were also calculated. The results of the individual parts
calculations were tabulated by hand to produce the overall gearbox weight and
center of gravity location. Figure 4.6-22 is a copy of the IGS plot of item 11
gearshaft (one of the two layshafts) in the double reduction double branch
gearbbx described in Section 4.6.4.5. The lower half of the Figure is a copy
of a portion of the computer printout showing the calculated weight of this
part. Table 4.6-13 is a worksheet which tabulates all the weights and center
of gravity locations. The worksheet page chosen for inclusion has the data

for the item 11 gearshaft tabulated in addition to those of many other parts.

ITEM (1) (GEAR) OF DOUBLE BRANCH GEARBOX
1GS Plot Used for Weight Calculation

Gear Pitch Circle
| 1 l \

J N

215

ROTATED CROSS SECTION - DENSITY = 0.2890 LB. PER CU. IN.

WGHT = 126.4300 1BS. (57347.71 GRAMS)
X6 = 20.5675 IN. FROM X-REF

IXK =  2430.6372 LB. IN 2 ABOUT X~AXIS

IYY =  4839.8500 LB. IN. 2 ABOUT XCG

IYYO = 58322.3515 LB. IN. 2 ABOUT X~-REF

SURF = 1302.3896 1IN,

2 (ALL EXPOSED SURFACES)
VOL = 437.4742 1IN, 3

Figure 4.6-22. APET Gear And Shaft Example.
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Table 4.6-13,

C.G. Location.

Calculation of APET Double Branch Gearbox Total Weight and

302.1 RFW DB0230 Weight Gearbox
Identificqtion Nomenclature Material | Weight xc6 Weight XCG YCG Weight YC6 26 Weight ZCC
1™ Shaft, Upper/Porward | Titanium| 32.095 5.092 163.428 0.00 0.00 0.00 0.00
2* Seal, Ret. Steel 5.485 3.017 16.548 0.00 0.00 0.00 0.00
3* Shaft Extension Titanivm| 24.705 21.441 529.700 0.00 0.00 0.00 0.00
4* Shaft Titanium| 42.070 13.231 556.628 0.00 0.00 0.00 0.00
s* Gear Steel 145.134 15.228 2210.100 0.00 0.00 0.00 0.00
6 Seat, Bearing Steel 14.435 6.398 92.355 0.00 0.00 0.00 0.00
7 Retainer, Bearing Steel 7.028 8.768 61.622 0.00 0.00 0.00 0.00
8* Nut, Shaft Steel 4.654 11.923 55.490 0.00 0.00 0.00 0.00
9 Seal, Sta. Steel 4.398 3.102 13.643 0.00 0.00 0.00 0.00
10* Gear Steel 5.270 29.165 153.700 - 6.699 -35.304 -4.535 -23.899
11a* Gear Steel 126.430 20.568 2600.412 -13.738 | -1736.895 -9.30 -1175.799
11b* Gear Steel 126.430 20.568 2600.412 -13.738 | -1736.895 +9.30 +1175.799
12a Seat, Bearing Steel 3.035 10.579 32.107 -13.738 | -41.695 -9.30 -28.226
12b Seat, Bearing Steel 3.035 10.579 32.107 -13.738 | -41.695 +9.30 +28.226
13a Retainer, Bearing Steel 1.940 11.359 22.036 -13.738 | ~26.652 -9.30 ~18.042
13b Retainer, Bearing Steel 1.940 11.359 22.036 -13.738 | -26.652 +9.30 +18.042
14* Gear Steel 2.647 31.375 83.050 0.00 0.00 0.00 0.00
15 Seat, Besring Steel 4.839 27.182 131.534 0.00 0.00 0.00 0.00
16 Retainer, Bearing Steel 2.021 26.270 53.092 0.00 0.00 0.00 0.00
1* Nut, Shaft Steel 2.250 28.920 65.070 0.00 0.00 0.00 0.00
18a Seat, Bearing Steel 3.382 28.342 95.853 -13.738 -46.462 -9.30 -31.453
18b Seat, Bearing Steel 3.382 28.342 95.853 -13.738 -46.462 +9.30 +31.453
19a Retainer, Besring Steel 2.444 27.713 67.731 -13.738 | -33.576 -9.30 -22.729
19b Retainer, Bearing Steel 2.444 27.713 67.731 -13.738 | -33.576 +9.30 +22.729
20a* Nut, Shaft Steel 2.105 9.271 19.515 -13.738 | -28.918 -9.30 -19.577
200* Nut, Shaft Steel 2.105 9.271 19.515 -13.738 -28.918 +9.30 +19.577
575.703 9861.268 -3863.700 -23.899
*Rotating Part
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4.7 NACELLES AND NACELLE TECHNOLOGY

4.7.1 Turboprop Introduction and Historical Survey

It is appropriate to review previous installations of turboprop engines
(particularly the high horsepower systems) for guidance in selecting nacelle
technology level and design methodology for the higher speed prop-fan instal-
lations. The two (Western World) high volume production turboprop engines
in the "over 4000 shp" class have been the DDA T56 family and the R-R "Tyne"

family, with the latter engine producing over 6000 shp in certain models.

The T56 is noted primarily for its use on all the variants of the
Lockheed C130 (Hercules) aircraft, the Lockheed P3 (ORION) ASW Navy aircraft,
the Lockheed "Electra" commercial aircraft, and, in lesser numbers, on the
Grumman E2C (Hawkeye), Early Warning Aircraft, the Grumman C2 (Greyhound,
COD) aircraft, and a number of conversions of the Convair 340 and 440 series

aircraft to commuter role.

The Tyne has been used in the Vickers '"Vanguard" commercial aircraft,
the CL44 Military and Commercial Cargo aircraft, the Short "Belfast" Military
transport aircraft, the Breguet "Atlantique'" ASW aircraft, and the Franco-
German 'Transall" Military Transport. Installations have also been made on

export versions of the Fiat G222 Military Transport.

The T56 in general has used three— and four-bladed propeller configura-
tions in the 13- to l4-feet-diameter range, and with activity factors in the
160 to 185 band. The Tyne has used l4-foot diameter four-bladed propellers
on the Vangu 5 16-foot diameter four-bladed 1 the CL44,| the
Belfast and the Atlantique, and 18-foot diameter four-bladed propellers on
the Transall. Activity factors have been generally lower than the T56 pro-

pellers and lie in the 125 to 145 range.

Figure 4.7-1 shows a sketch of the T56 installation in the Electra air-
plane (inboard location is shown). The Electra included wing and nacelle
structural changes introduced as a result of the failures which occurred due
to propeller/nacelle/wing whirl flutter instability discovered in service
on the early models. Noteworthy in this installation are the offset gear-

box arrangement with structural interconnection to the forward frame of the
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engine. The center drive housing is one element in the engine-to-gearbox
structural entity, and large side—mounted Vee braces are used to react the
vertical and torque loads from the propeller gearbox back to the nacelle
structure. Propeller induced side loads are reacted by a smaller Vee brace
in plan view that interconnects the propeller gearbox with the nacelle struc-
ture. Dual redundant mounts also attach to the top of the propeller gearbox
and these react combination loads to the shell structure surrounding and
including the engine air inlet. The engine rear casing is also provided with

steady mounts to react vertical and side loads in a redundant mounting system.

A typical Tyne installation is shown in Figure 4.7-2. It may be noted
that the installation is almost "dominated" by the tubular mount structure
to the nacelle. In addition to the main mounts which are reacting loads at
Plane A in the figure, a redundant reaction load path for loads in‘any direc-
tion (except along or parallel to the thrust axis) is provided at Plane B on
the figure. This rear mount at Plane B comprises an ingenious system of hard
points built around the engine turbine frame contracting a flexible ring struc-
ture that surrounds the engine rear casing. The entire system is sealed by
graphite high-temperature macﬁined ring segments fitted within a spring-loaded

containment compartment.

Also noteworthy of the Tyne installation is the fact that the engine
essentially supplied no bleed for aircraft accessory services. Instead, a
special gearbox has been added to the low-pressure engine spool to provide
shaft horsepower transmitted remotely, through a drive shaft with self-align-
ing joints, to an aircraft-mounted accessory gearbox. This latter gearbox

typically provides pads for all the required aircraft services.

The combining of systems onto a separate gearbox from the engine itself,
was a precursor to the modular design approach now favored for the new turbo-

propfan accessory systems.

4.7.2 Geometric Selection Criteria

For the turboprop high cruise speed installations, nacelle design work

has been performed for NASA by a number of airframe companies starting with
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the RECAT studies in the middle 1970's. More recent designs have been devel-
oped by Douglas as part of the DC-9 reengining study contract, and by Lockheed
(Georgia) on the Langley Contract for "Turboprop Cargo Aircraft Systems Study."
NASA Ames, working with Douglas, has been performing wind-tunnel studies of a
powered prop—fan model on a representative supercritical wing section. Figure

4.7-3 shows the model configuration being used in the wind-tunnel program.

‘This configuration of nacelle shape and location was considered to be a strong

contender for the high cruise speed/supercritical wing combination, and drag
test data together with profile pressure data is now becoming available from
Ames as a result of the tests. Consequently for the APET Study the first

nacelle configuration that was proposed is very similar to the model configu-

ration. This is shown in Figure 4.7-4.

Before embarking on a description of this nacelle it is considered appro-
priate to review the geometric data that has been used to select nacelle loca-

tions on the wing.

4.7.2.1 Axial Locations

Early studies used a Hamilton-Standard recommendation for the axial loca-
tion of the plane of the propfan (pitch change axis). This recommended that
the location, relative to the wing chord, should observe as a minimum a dimen-
sion of at least one propfan diameter from the reference plane to the quarter

chord station of the wing along the plan view centerline of the nacelle.

Locating the propfan in this manner appearé to satisfy most concerns on
moderately swept wings but places the inboard propfan tip fairly close to more
sharply swept wings (as is typical for the Mach Cruise 0.80 airplane). It was
therefore decided for this study to invoke an additional constraint that had
been used in some earlier propfan powered airplane designs. This additional
constraint restricts the clearance between the inboard propfan tip and the
chord of the local wing at that butt line location. A combination of these
two constraints has therefore been used for the study airplanes. This axial
relationship is depicted in Figure 4.7-5 for the wing geometry of the MCR =
0.80 Airplane.
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4.7.2.2 Spanwise Locations

Nacelle lateral position was not established using rigorous ground rules.
For the long duct mixed flow turbofan engines an average of spanwise location
by airframe contractors when they conducted E3 powered airplane studies for
NASA, was used. Axial spacing was held to a value with the common exhaust
nozzle being set at one quarter chord and reasonable values for the channel
height between the top of the nacelle and the underside of the wing. The
lateral spacing value used was 0.30 of the semi-span. This location gave val-
ues of 131 sq. ft. and 133 sq. ft. for the vertical tail areas of the turbofan
MCR 0.80 and MCR 0.70 airplanes respectively.

Lateral spacing of the turbopropfan nacelles was dictated by considera-
tions of propfan tip spacing distance from the fuselage skin, engine out
effects on the vertical tail size (the thrust moments are larger for the prop-

fan than the turbofan), and propulsion weight effects for wing bending relief.

For the first consideration, advice was sought from the results of previ-
ous studies and conversations with airframe design companies. In the early
days of propfan acoustic investigations a lateral spacing of 0.80 propfan
diameter for fuselage/tip clearance was suggested. Later airframe studies
have indicated that the overall trade for additional acoustic material in the
fuselage can support a value of 0.50 of propfan diameter, and this is the value
used for the APET turbopropfan powered airplanes, irrespective of cruise Mach
number. This value provides a centerline of fuselage to centerline of propul-
sion thrust of 19.0 feet for the turbopropfan (this may be compared with 16-2/3
feet for the turbofan). The effect of engine out on vertical tail sizing dic-
tated an increase for the turboprop airplanes of approximately 16 percent over

the values used for the turbofan airplanes.

4.7.3 Nacelle Descriptions

4.7.3.1 Under-The-Wing Layouts

As can be seen in the views shown on Figure 4.7-4 an offset gearbox
arrangement is used where the propeller thrust centerline is above the core

engine centerline. It can also be seen that the physical separation distance
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of the core engine behind the propeller gearbox is larger than seen on the

current turboprops using offset gearboxes.

The reason for this is simply the fall-out of requirements that now exist
for the inlet design parameters of an installation designed for cruise at Mach
0.8 as compared with the earlier, slower cruise speed aircraft which typically

operated in the Mach 0.5 to 0.6 band.

This large separation distance also helps the installation in other ways.
Clearly, there is widespread industry agreement that, if possible, the air-
frame system accessories that are required to be mechanically powered should
not be driven on pads provided by the propeller gearbox. The high torque pro-
peller gearbox is a challenging enough task on its own, to meet reliable life
and unscheduled removal rate guarantees, without being penalized by a number
of additional gearsets, bearings, lube oil supply and scavenge systems, over-
hang moments of the accessories, etc. Therefore, a remote location, shaft
driven accessory gearbox dedicated solely to the support of aircraft services,
provides one acceptable design solution. Such a system is shown on the refer-
enced figure. Also, the nacelle internal volume is large enough to house the
propeller control unit (on the back of the propeller gearbox and coaxial with
the propeller centerline) as well as the system oil tank, heat exchanger,
ducts, and controls. Engine dedicated accessories shown are mounted on the
underside of the turboshaft gas generator and would be easily maintained or

removed through a lower, hinged, access door.

This installation sketch also indicates the structural concept for engine
and propeller gearbox interconnection and for mounting to the airframe struc-
ture. As has been noted already, turboprop installations tend to be dominated
by structural requirements, and this nacelle installation, as shown, is no
exception. The structural concept employs a stressed skin nacelle enclosure
that could be integrated directly with the wing structure. The forward sec-
tion of the nacelle is a barrel which becomes cut—away for the wing penetra-

tion and for the cowl doors below the turboshaft engine centerline.

Another possibility is shown in Figure 4.7-6 where the propfan gearbox
has been split into two pieces. The engine drives forward to a first stage

reduction gearset that provides twin driveshafts, that are parallel to each
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other, which then connect to dual inputs in the propeller gearbox. It would
be appropriate at this point in the discussion of nacelle geometry to open

up the subject to embrace all possible concepts.

Figure 4.7-7 shows a family of nacelle installations - some of which are
above wing layouts and some are below wing layouts. In all the sketches on

the figure there are constants.

All wing chords are identical (but the wings are not necessarily at the
same height above the ground). All the propfans are identical in diameter and
the shaft engines and gearboxes are to an equal scale for transmitting 12,500
SHP at a propfan RPM of 1155 (800 ft/sec tip speed). Also, the tip clearance
of the propfans above the ground is also a constant 30 inches in each case.

An additional constant is that all the nacelles apply an identical r/R value

of 0.30 to their maximum radius relative to the propfan radius.

Early in the study it was found that for the advanced gearboxes and
engines, values of r/R higher than 0.30 would unduly penalize nacelle weight
and performance. Figure 4.7-8 shows the recommended value versus propfan disc
loading contained in an earlier NASA study. Inquiries provided that the pro-
peller thrust loss (from ideal values) would be about one half percent for
cruise at M = 0.8 reducing linearly to zero at a cruise value of 0.75 by using
0.30 r/R (or d/D as shown in the figure) rather than the 0.35 recommended.
This thrust loss was considered to be an acceptable trade factor, in that
the MCR 0.80 airplane spends very little proportion of its flight time at MCR

on the 300 N.Mi ranking mission.

Also referring again to Figure 4.7-7 the sketches identified as Number 1
and Number 2 depict nacelles incorporating the “split gearbox" concept. One
of the concerns being addressed by this concept is the local moment effect
around the wing-box structure occasioned by a forward suspended nacelle con-
figuration. Another concern is the desire among some airframe designers to
keep the "line-of-sight" of the HP and LP turbines away from the plane of
fuel contained within the wing integral tanks. The split-gearbox arrangement
does provide alleviation of these two concerns at the expense of some instal-

lation weight and some increase of nacelle drag due to additional wetted area.
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The two under-the-wing installations designed use offset drive systems
to the propfan, i.e., the prop centerline of thrust, in each case, is above
the rotational centerline of the turboshaft engines, and inlet air is supplied
via a single scoop located on the underside of the nacelle. Discussions with
NASA and with airframe designers indicated that an in-line gearbox and engine
arrangement located in an above-the-wing layout should also be studied, and
any problem areas relative to the under-the-wing arrangement should be identi-
fied.

4,7.3.2 Over-The-Wing Layouts

An in-line gearbox was designed (this was previously shown on Figure
4.6-13) and has been integrated with APET Engine Number 2(b). The full
installation configuration is shown on Fiéure 4.7-9. Noteworthy features that
are different in this installation compared with the under-the-wing variety

are:

' Bifurcated inlet for engine air supply
° Gearbox supported by a tubular truss structure
® Gearbox heat exchanger located in an extension of the inboard wing

leading edge.

° Aircraft accessories driven from the propeller gearbox via an angled
drive
® Principal axial length of the nacelle is based on a substantially

circular cross-section.

Also it may be seen that the current Hamilton-Standard propfan hydraulic

pitch change mechanism has been retained.

This design layout automatically provides an improved propfan-to-ground
clearance geometry, i.e., the wing is less high above the ground and therefore
the landing gear length can be reduced. Structurally and aerodynamically it
should be at least as good as the best under-the-wing layout and the twin-

inlet arrangement should pose only minor design problems.

4
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The major problem in the layout is the less desirable means of transfer
of hydraulic power from the propfan controller to the hydraulic pitch change
mechanism. A change from a hydraulic to an all-electric propeller control

might be very desirable for this installation.

4.7.3.3 Moment-Index Analyses

The relationships of the available wing-box area to the suspended weight
of both the turbofan and turboprop propulsion systems was examined in this
study. Some early concern was expressed, as a result of the geometry ground
rules for both axial and lateral spacing of the propulsion systems, that

excessive moments might be resulting from these geometries.

It was certainly a fact that the wing selected with an AR of eleven pro-
vided only a chord length of approximately 120 inches, at the lateral center-
line of the turboprop system, and using spar locations of 15 and 65 percent
of local chord for the front and rear spars respectively, the wing box chord
length available was about 60 inches. Using thickness/chord ratios of a typi-
cal supercritical airfoil section enabled the calculation of the area bounded
by the wing spars and the upper and lower wing surfaces. If the center of
gravity location of the propulsion system is now identified and geometrically
related to the centroid of the wing-box area, it is possible to define what
might be called a Powerplant Moment Index. This index is illustrated in
Figure 4.7-10and has been used in the data shown in Figure 4.7-11, to compare
the APET systems with some examples of "real" turboprop and turbofan aircraft.
The conclusion that may be drawn.ié that the APET designs do not apply exces-
sive moments to the wing, and that the "split gearbox'" configuration would
provide a substantial moment relief which might be used to advantage in reduc-

ing overall wing weight.

4.7.4 Inlet Aero Studies (Single Scoop and Double Scoop)

The work described in this section was based on: related experience

accumulated during the General Electric Company's design and development of
several commercial turbofan nacelle installations and participation in other

joint programs with airframers and government agencies; available literature
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Moment Index = | (W) x (%)

(Area Between Spars)

Area Between Spars

W = Suspended Weight of the Propulsion System, pounds

;‘-l = Distance of the Propulsion System Center of Gravity from
the 40%Z Wing Chord Station

C = Wing Chord at Propulsion System Centerline

Figure 4.7-10. APET Powerplant Moment Index Definition.

Typical Values — APET vs. Current Aircraft

Powerplant Typo Aircraft Type - Approx. Moment Index
(in-Iblin?)
Turboprop Electra (outboard) 286
Belfast (outboard) 372
SAAB-Fairchild SF-340 123

DC-9 with propfan 772
- Baseline 610
APET — Split Gearbox 346
. ]

Turbofan 747 497
DC10-30 537
757 683
A310 666
737-300 590
KC-135 (CFM56) 515
| APET — Turbofan 415.

Figure 4.7-11.
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pertaining to propeller and propfan installations; discussions with Lockheed-
Georgia (GELAC) designers; access to some details of the design work for the
NASA-Lewis Propeller Test Rig (PTR); and selective use of in-house analytical

techniques.

The work scope is outlined in Figure 4.7-12, which was prepared at the
outset to illustrate the various tasks and interactions involved as well as
the broad approaches initially planned for their completion. The following
discussion'describes what was actually done, relative to the flow chart format
of the figure. As indicated, two types of inlet systems were deéigned; a sin-
gle scoop, with an of fset gearbox; a bifurcated scoop having an in-line gear-

box and over-the-wing engine arrangement. Those two designs are now described

sequentially.

4.7.4.1 Cross Sectional Shape of Single Scoop Inlet

Figure 4.7-13 illustrates the end view of the throat, highlight and maxi-
mum radial envelope planes. It also reflects the design of the internal lip,
forebody, boundary layer diverter, and throat area discussed below. Noteworthy

features embodied in the design include:

° Inlet circumferential extent is within the maximum diameter of the
propfan body enclosing the gearbox, in order to facilitate integra-
tion of the engine inlet/nacelle into that body without increasing
its lateral envelope.

. Boundary layer diversion around the engine inlet is facilitated by
arranging the inner cowl flowpath so that the diverter channel height
increases in the lateral direction from its value at the vertical
centerline.

° The side "corner" radius is based on a GELAC design. That region is
important, since its leading edge must tolerate incident propfan
swirl without flow separation thus reducing distortion and engine
operability problems.

4.7.4.2 Duct Design Analysis

Because of its importance to the remainder of the installation, this com-
ponent's bend proportions and length were established by a combination of com~

puter flow analysis and empirical estimates of pressure loss.
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Initially, the Streamtube Curvature (STC) computer code (Reference 12)
was used to establish meridional flowpaths producing attached flow in a duct
whose vertical offset and length were prescribed by a preliminary engine
installation layout. An important indicator emerged from the flow separation
parameter, Fsep’ commonly used by General Electric. The Fsep results are
shown in Figure 4.7-14 for a corrected flow rate corresponding to about 83% of
maximum power at M = 0.80/35K. The significance of this plot, per the inset
scale, is that, for such an inlet offset and length, attached flow throughout
the duct is only predicted for a relatively constant duct flow area. Based
on that result, a constant area duct was selected, to provide some flow sta-

bility margin.

Subsequently, a new, shorter gearbox was designed. Also, empirical

pressure loss estimates based on the analysis and data of Reference 27 were

made that indicated higher pressure recovery could be attained with a longer
duct allowing lérger bend radii. Consequently, the duct was lengthened 10

inches from the initial value on which the flow analysis was based. Recovery

estimates for the final duct design are shown in Figure 4.7-15 for the range of
N : "‘-.“%::‘:"‘ A e o - o : 3 1
" diverter height considered. The 2.1 inch height was ultimately chosen, per

the discussion of Section 4.7.4.6.

4,7.4.3 Internal Lip Shape

The internal lip design was tailored around the inlet periphery, to place
maximum thickness at the sides, which must tolerate the incident swirl from the
prop-fan, and relatively little thickness on the inner and outer flowpaths, on
which no significant flow incidence is presumed to act. APET engine cycle data
were used to construct the Figure 4.7-16 plot of hub region swirl vs. discharge
Mach number, to establish design requirements akin to those employed for tur-
bofan installations. Empirical information was used to select the required
side lip proportions, assuming that swirl and pitch-~type incidence are numeri-
cally equivalent, since no evidence regarding that relationship is in hand.
With that assumption, as shown in Figure 4.7-16, it is projected that the

selected side lip design will tolerate 25° flow incidence at a 0.31 onset Mach
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number, which satisfies the APET takeoff requirements for M, 20.20. Satis-
faction of the higher swirl levels occurring during the My, <€ 0.20 portion of

the takeoff roll depends on one or more of the following factors:

° The cycle data employed for swirl requirements represent only a
nominal prop-fan pitch schedule; it may be possible to reschedule
pitch during the takeoff roll to reduce swirl.

. A given amount of swirl may be less taxing than the same numerical
value of conventional pitch-type incidence, in terms of its poten-—
tial to cause flow separation from a similar lip design. Then the
inlet lip capability would be greater than the projection of the
figure.

® The prop-fan flow acceleration contracts the captured streamtube,
relative to a turbofan installation of the same inlet area and flight
Mach number. For the APET design,which produces relatively low oper-
ating mass-flow ratio, A,/App = 1.01 to 1.14 during the takeoff roll,
this effect should significantly ease the problem, by reducing the
flow turning requirement around the inlet lip.

® The long inlet duct may significantly alleviate any flow distortion
caused by lip separation before it reaches the compressor.

On balance, the lip design was selected in the belief that engine opera-
bility during the takeoff roll is not a barrier problem that necessitates the

drag and weight penalty that would result from a thicker inlet lip.

4.7.4.4 Prop-Fan/Inlet Spacing

This parameter was determined directly by the gearbox and inlet duct
designs. The resulting placement is farther from the prop-fan trailing edge
than either the GELAC inlet design or the Hamilton-Standard forward boundary
layer rake position in the test summarized in Reference 28. This was con-
sidered acceptable and of minimal performance significance, since no apprecia-
ble additional boundary layer growth is expected over the incremental length,
due to the local flow acceleration anticipated in that region, per the above

reference.

4.7.4.5 Forebody Shape

The forebody design requirements consist of the need to operate without
drag rise at flight Mach numbers up to 0.80 and power settings down to 80% of

maximum. The design was tailored around the periphery. Conventional cowl
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design data were used to provide shapes adequate to avoid either spillage or
wave drag on the side and outer flowpaths exposed to the high velocity dis-
charge flow from the prop—fan. A relatively thin cowl was placed on the inner
flowpath forming part of the diverter region, under the premise that the
relatively low velocity in that region does not require much projected area
for drag rise avoidance. The internal lip and forebody flowpaths selected for

the inner, outer, and side regions are shown in Figure 4.7-17."

4.7.4.6 Boundary Layer Diverter

An estimate was made of the net "thrust-minus-drag" effect attributable
to various diverter heights, in order to select that design. feature. The
following performance effects were evaluated:

e Variation of duct pressure recovery with change in the duct verti-

cal offset, via the pressure loss methodology discussed in Section
4.7.4.2.

® Variation in average total pressure of the flow captured from vari-
ous spanwise regions of the prop-fan discharge. This was evaluated
by integrating a model of the prop-fan's discharge total pressure
profile that was synthesized in turn from data of Reference 28
and APET cycle data.

e Drag on the incremental portion of the nacelle area attributable to
the diverter's presence.

The friction drag component was calculated conventionally while the
pressure drag calculation was parametricized; since no applicable pressure

drag data for such an arrangement are known to exist.

The overall result of those calculations is shown in Figure 4.7-18 in
terms of the relative diverter net thrust-minus-drag effect vs. diverter
height. The datum for the thrust-minus-drag ordinate was chosen to represent
the indicated nominal values contained in the APET cycle deck. The results
shown in this figure do not indicate an optimum diverter height, due to the
uncertainty in pressure drag, which is potentially the dominant effect. After
some consideration, a 2.1 inch diverter height was selected, which represents
about 70% of the main deficit in discharge pressure and lies between the optima
indicated by pressure drag coefficients of 0+ and 0.25. That selection was
based on the judgment that the relatively gradual streamwise blend of the

diverter channel into the basic cowl surface of this design should facilitate
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realization of pressure drag approaching the value of a well-designed turbofan
nacelle. In terms of the Figure 4.7-18 portrayal, the "best-guess" pressure

drag coefficient is between 0+ and 0.25 and nearer 0+.

An additional design feature related to the diverter is the provision
there for an air intake to ventilate the entire nacelle cavity. That concept
was studied for feasibility, including estimating the total pressure loss of
several combinations of intake area and diffuser arrangement. Results showed
that the area needed to provide the required six air changes per minute is
easily available in the diverter as designed but that some means, such as an
exit flap or ejector, of lowering the cavity exhaust pressure below ambient
are needed for flight Mach numbers below about 0.4 to assure positive flow

through the system.

4.7.4.7 Throat Area

Per the discussion of the duct design in 4.7.4.2, a constant area duct
was selected to provide attached flow in the duct and thereby preclude

engine operability problems.

4.7.4.8 Drive Shaft Fairing

No separate study of the drive shaft fairing was made. Per the experi-
mental investigation summarized in Reference 29, a recovery improvement of
0.15 to 0.25% would be anticipated from the inclusion of a fairing designed to
provide a smooth longitudinal area distribution, as opposed to a simple abrupt

cylinder-cone arrangement approaching the compressor.

4.7.5 Bifurcated Scoop Inlet

A less extensive study effort was applied to the bifurcated scoop inlet
design than to the single scoop inlet. Accordingly, the bifurcated inlet's
definition is discussed in the same format, but less extensively, with maximum

attention to those items'differing from the single scoop design.

4.7.5.1 Cross-Sectional Shape

In general, a similar approach to that of the single scoop inlet was fol-

lowed, with two exceptions. The centerline of each inlet face, in the front
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view, was located 30° below the horizontal centerline, to avoid the large
boattail angles found to occur on the top nacelle with a top/bottom inlet
arrangement. Also after some iteration, the prop-fan centerline was selected
as the generator of the outer flowpaths, rather than a nearer point as on the
single scoop inlet. This was done to make the inlet circumferential extent
more like the GELAC designs and also to reduce the cowl's radial extent. The

resulting design's end view is shown in Figure 4.7-19.

4.7.5.2 Duct Design

The duct bend proportions, length, and placement were established by
(1) applying the bend radius-to—duct height ratios of the APET single scoop
design and (2) locating the throat plane about as far forward as possible
" without placing the inner duct flowpath closer than 0.5 inch to the limiting
corner of the gearbox. The resulting duct length produces chordal angles
intermediate between those of the APET single scoop (largest) and GELAC PTR

twin (smallest) inlets.

Total pressure loss estimates were made, using empirical methods for both
friction and turning components. The overall duct recovery results are shown
in Figure 4.7-20. The bifurcated inlet has less turning loss and more fric~

tion loss than the single inlet, netting to slightly less overall loss.

4.7.5.3 Internal Lip Shape

This was handled akin to the single duct procedure, with an obvious

allowance for the smaller absolute size of each of the bifurcated ducts.

4.7.5.4 Prop-Fan/Inlet Spacing

This feature was again determined by the duct design, i.e. the need to
avoid duct-gearbox interference and the desire for minimum possible prop-
engine proximity. The resulting proximity value is about 12% larger for

the bifurcated than the single inlet.

4.7.5.5 Forebody Shape

The same approach as for the internal lip, 4.7.5.3, was followed.
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4.7.5.6 Boundary Layer Diverter

The same 2.1 inch height as for the single scoop inlet was used, as no

separate assessment of this feature on the bifurcated inlet was made.

4.7.5.7 Throat Area

The same total throat area as the single inlet was selected. That choice
was prompted by results of the single inlet duct design analysis described in
4.7.4.2.

4.7.6 Summary of Selected Inlet Design Parameters

For perspective, Table 4.7-1 provides a tabulation of several design
parameters for each of the APET inlets, with comparative GELAC values where
available. Two general comments regarding this summary are appropriate. The
APET configurations represent "level one'" nacelle designs based on advanced
engine and gearbox concepts. Also, the inlet designs are intended to be
aggressive, rather than conservative, particularly in terms of duct length
and lip/cowl projected area, to the extent feasible without obvious compro-
mises in performance and/or operability. The premise behind that approach is
that high-performance systems will only be identified by initially proposing

aggressive designs for subsequent development and improvement, as required.

4.,7.7 Exhaust System Aero Design

4.7.7.1 Nozzle Selection Criteria

The exhaust system for turboprop engines operates at low nozzle pressure
ratios (1.5 or below) and, therefore, does not have to deal with supersonic
flow. The general configuration can thus be a simple conic nozzle or alterna-
tively have an external plug/centerbody. Initial studies showed little dif-
ference in performance for either approach. Thus, for the APET design, it was
decided to select the conic nozzle approach which is the more simple of the
two. For a more detailed design scope (i.e., full scale development program)

this selection of conic vs. external plug may be directed by wind tunnel test
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Table 4.7-1.

Comparative Summary of Selected Inlet Design Parameters.

Single Scoop Bifurcated Scoop
GE APET GELAC Test, PTR GE APET GELAC, PTR

Louce/Dcompressor | 2-28 2.17 1.58 2.5
Touce ¢ /Lpyce 0.303 0.226 ~0.49* 0.3
AyL/Ata 1.10, 1.346 Side | 1.15, 1.20 8ide | 1.10, 1.346 Side | 1.15, 1.20 Side

a/b 2.0 <.0 2.0 <.0

+HL :

Ryr /Ruax 0.955, 0.815 H/A 0.955, 0.815 N/A
Diverter H/$ ~0.7 <1.0 0.7 <1.0
Acp/Ay 1.00 1.00, 1.25 1.00 N/A

*Lateral Offset from Mid-point of Throat to 1/2 Compressor Tip Radius
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results considering nacelle/nozzle afterbody drag and external flow suppres-
sion effects on nozzle flow coefficients. The following paragraphs describe

the analyses which produced the APET exhaust nozzle aund performance.

4.7.7.2 Nozzle Design

Initially, the exhaust nozzle was designed on an isolated nacelle basis.
It was decided to keep the nozzle as short as possible to lower the friction
losses (both internal and external) as well as weight, but at the same time
maintain reasonable external boattail angles that reduce external pressure
drag. Nozzle afterbody angles of 15° are considered to be about the maximum
which can be employed on isolated axisymmetric nacelles without incurring
excess afterbody drag. Therefore, the 15° angle was selected for the initial
design. The selection of the 15° angle, combined with the required cycle
nozzle flow area and a minimum radial clearance between the external nacelle
and the turbine rear frame aft flange, established the exit plane of the noz-
zle. The internal centerbody and flowpath were defined consistent with the
turbine frame rear flange dimensions to keep loﬁ values for the internal duct
pressure loss. The resulting flowpath is shown in Figure 4.7-21. The internal
pressure loss calculated for this flowpath from the turbine frame to the noz-
zle exit was 0.32 percent APy at M.8/35K. The nozzle velocity coefficient
was estimated from empirical data and is nearly constant at 0.9985. Likewise,

the exit flow coefficient was determined from conic nozzle data for a 15 degree

half angle. The resulting nozzle coefficient curves are shown in Figure 4.7-22.

The flow coefficient in this figure is derived from data with no external flow.
Wind tunnel tests of nacelles installed on wings have shown that external flow
can suppress (lower) the flow coefficient of an exhaust nozzle due to a change
in the static pressure near the nozzle exit plane. This effect, which can be
substantial, is most pronounced for unchoked nozzle conditions and is configu-
ration dependent. Estimates of this suppression effect have been made from
previous wind tunnel test experience and are shown in Figure 4.7-23. These
curves were included in the APET cycle deck and were used for the cycle iter-
ation to arrive at the physical area which defined the nozzle exit diameter

in Figure 4.7-21. 1In a detailed development program, these curves would have
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to be defined from wind tunnel tests of the specific nacelle and aircraft

installation.

4.7.7.3 Nozzle Installation Factors

The flowpath defined in Figure 4.7-21 was used as a starting point to
define the nacelle geometry on an isolated basis as discussed in the next sec-
tion. Subsequent studies (also discussed in Section 4.7.7) to install the
nacelle on the wing revealed that the exhaust nozzle afterbody.defined on an
isolated nacelle basis could result in a poor installation and high drag. The
final exhaust nozzle configuration identified from the installation study had
to be extended approximately 15 inches using a 10° boattail angle to make the
total installation and nacelle closeout acceptable. The final nozzle design
is shown in Figure 4.7-24, and the corresponding exit coefficients are shown in
Figure 4.7-25; only the flow coefficient changes due to the half angle reduction
are shown. The calculated pressure loss at cruise increased to 0.37% due to

the added surface area.

The nacelle design was defined to minimize drag and weight consistent with
required installation constraints. A baseline under-the-wing nacelle was first
identified on an isolated basis. The installed nacelle was subsequently defined

o

considering the total nacelle/installation drag and constraints.

4.7.8.1 Nacelle Requirements and Constraiﬁts

For discussion purposes, it is convenient to consider the nacelle as a
blended combination of two nacelles: the engine nacelle and prop nacelle as
shown in Figure 4.7-26. An engine nacelle was first defined on an isolated
basis from the following two initial conditions. First, the nozzle afterbody
was the initial design (15° afterbody) discussed in Section 4.7.7. And, sec-
ond, it was decided to make the maximum diameter of the engine nacelle equal
to the maximum diameter of the prop nacelle at a forward point near the loca-
tion of the prop nacelle maximum diameter. Figure 4.7-27 shows these two
starting points. The dashed line portion of the isolated nacelle contour in

the figure was then defined by determining the minimum drag configuration,

259

' 4.7.8 Nacelle Installation Aerodynamics




20

16 P~ I..-
--...
bt
al S

10° Boattail

w
[
g -
2 ‘//)'~~.
- Initial
2 Flowpath Final
g 8 Flowpath
38.4
(Nozzle
4 - Exit)
o L1 L ! L. ] i 1 i
0 4 8 12 16 20 2% 28 32 36

Figure 4.7-24.

Velocity Coef., cVB

Nozzle Exit

Nozzle Exit Flow Coefficient, Cl,.8

Figure 4.7-25.

260

Distance AFT of Turbine Frame Rear Flange - in.

Exhaust Nozzle Internal Flowpath,

Final Integrated Design.

10° Conic Wozzle

8

Nozzle Exit Pre
ssure Ratio, PTB/PO

Exhaust Nozzle Exit Coefficient,

Final Integrated Design.

40




Prop A
Prop Nacelle\ l-
Nacelle
Engine ¢ %
} Slab-Sided - - )
Engine ¢ Section — -

Engil-'ie /
Nacelle ’
\ Engine
L-. Nacelle
A

Section A-A

Figure 4.7-26. Nacelle Blending Approaches,

D&x = 0.3 DProp
Prop Isolated Nacelle Contour
Macelle

— el e
——

_Dm‘ = 0.3 DPtop
Engine
Nacelle

Turbine
/ Frame

Approximate Region Flange

ofnmx

Engine
Nacelle

Figure 4.7-27. 1Initial Conditions For Nacelle Blending.

261



trading skin-friction drag for pressure drag. Skin friction drag can be
reduced by employing a small afterbody radius of curvature which reduces the
average diameter of the nacelle and the surface area. However, the smaller
radius of curvature will tend to increase afterbody pressure drag. A trade
study was conducted to determine the optimum combination for minimum drag.
The nozzle afterbody and nacelle diameter limited the range of variation as
shown in Figure 4.7-28. The study showed an almost insignificant difference
in drag between the two limits; 0.03% Fn at cruise with the maximum envelope
case having lower drag. Because the two drags were so very close, it was
decided to "shade" the nacelle toward the minimum envelope side to keep the
weight down. An R./Dmax = 3.0 was selected and blended to Dmax with a 1°
forebody. This initial design, isolated nacelle (engine) flowpath is shown in
Figure 4.7-29.

4.7.8.2 1Isolated Nacelle Design

The inlet flowpath analysis discussed in Section 4.7.3 established the
relative axial spacing of the isolated nacelle components. This included the
prop-to-inlet spacing and inlet-to-engine face spacing. The bottom centerline

of the inlet is also the bottom centerline of the nacelle.

The next step in the nacelle definition was the blending of the prop
nacelle with the engine nacelle. Structural requirements dictated that the
prop nacelle diameter be maintained constant at Dmax = 0.3/Dprop aft of the
max diameter point. This results in a "barrel-type' structure along the top
of the nacelle. The blending of the two nacelles was a simple slab-sided
connection as shown by the schematic in Figure 4.7-30. With this portion of
inlet analysis selected the diverter height, and a planform view of the
diverter was used to define the diverter blendout starting from an initial
half angle of 30°. The diverter was completely blended out at about the axial
midpoint of the engine nacelle. The diverter planform view and several

station cuts are also shown in the above figure.
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4.7.8.3 Installed Nacelle

Most of the overall nacelle was now defined on an isolated basis. Nacelle
placement was next established from two parameters. Axial placement relative to
the wing was determined by maintaining a minimum clearance between the prop and
wing leading edge on the inboard side. This clearance amounted to one-fourth
of the local wing chord as shown in Figure 4.7-5. Vertical spacing was set by
the requirement to maintain a four inch spacing between the wing lower surface
and the engine nacelle contour at the turbine rear frame. This spacing was
required to provide room for the required structural member to connect the

engine and wing. This requirement is shown on Figure 4.7-31.

The last task was to "blend out" the nacelle at the wing-nacelle interface
in the region of the nozzle/nacelle afterbody. Attempts to do this with the
nacelle as defined resulted in closure rates which were considered too large
in view of the fact that three bodies (wing, nacelle, and pylon) and were all
closing out simultaneously. For typical, high-bypass turbofan inétalfations,
the structural pylon is relatively narrow and is easily faired over. 1In the
case of the turbo-prop installation, the requirement for the constant nacelle
diameter "barrel-structure" results in a very wide "pylon" (same width as the
engine nacelle) at the wing leading edge. In order to close this pylon out
and not have a pylon nearly equal in width to the nozzle at the nozzle exit
'pléne, the pylon closure becomes excessive. Figure 4.7-32 pictorially displays
the closeout problem of the three bodies; each body "turns away" from the
other creating a significant diffusing channel along the afterbody. It
appeared that a lengthening of the nozzle afterbody was required to reduce the
severity of the closeout. A nozzle extension of about 15 inches relative to
the initial design, 15° afterbody was the end result of this effort. This
reduced the nozzle afterbody angle to 10° and the pylon closure half angle was
comparable at 11°. With this closure rate, the pylon fairing extends past the
wing trailing edge by about 17 inches and requires a small fairing to go for-

ward a short distance over the upper surface of the wing.

It was not appropriate for this APET study to attempt a sophisticated,
three-dimensional computational evaluation of the nacelle geometry to analyze

and design the flowpath. Little technology currently exists to assess drag
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Figure 4.7-32. APET Afterbody Closure.
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increments associated with turboprop installations. Thus, the nacelle config-
uration, with the exception of the inlet, was determined by the forementioned
qualitative approach using general guidelines. Successful nacelle aerodynamic
integration is a particular area of concern, and, in a detailed, development
program, computational analyses and wind tunnel tests would be conducted to
identify an optimum system. This need to develop turboprop nacelle installa-
tion technology is addressed in the Development Plan, Section 12. Also, the
scope of the APET study was not sufficient to make an equivalent evaluation

of an over-the-wing nacelle as has been shown in the sketches numbered 2, 4,

and 5 of Figure 4.7-7.

4.7.9 Nacelle Drag Calculation

The nacelle external drag includes both friction and pressure drag on the
entire nacelle aft of the prop spinner trailing edge and directly up to the
wing surface. Conventional techniques currently employed in high bypass tur-
bofan nacelle analysis'were used to calculate the nacelle friction drag. This
technique treats the nacelle as a flat plate and calculates'the'average, incom-
pressible flat plate skin friction coefficient assuming a turbulent boundary
layer. The Frankl-Voishel compressibility correction is applied to account
for Mach number effects. The specific equations for this calculation are as

follows:

= Ctc

fric fi Cg q

o.Asurf Kr
where:

Cgs = 0.455 (logjg Rn)~2-58 Avg, flat plate, turbulent friction

coefficient
Cte y-1\ , 2]70.467 fen s .
E;; [1 + (-i-) Mo ] _ Compressibility correction
o 2 oo
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u = 2,27 g(m 10

and:

M, = Reference freestream Mach number = average prop discharge Mach
number

P, = Ambient pressure, psia

To = Ambient temperature, ° R

<
]

Ratio of specific heats = 1.4 for air

g = Gravitational constant = 32.174 ft/sec?
R = Gas constant = 53.35 ft-1b/1b ° R

C = Characteristic nacelle length, ft.

Agurf = Nacelle surface area, sq. inches

KR = Roughness factor

Results of this technique have been compared against detailed boundary
layer analyses and have been shown to be in very good agreement with the

detailed analysis approach.

For axisymmetric or semi-elliptical nacelles, the determination of sur-
face area for the friction drag calculation is straightforward. For nacelles
such as the turboprop nacelle, the wide variation in nacelle shape is handled
by plotting nacelle perimeter versus station and integrating the curve. Since
the APET nacelle surface area is so highly "front-loaded", use of a character-
istic length based directly on nacelle length to calculate the average fric-
tion coefficient will result in a drag which will be lower than the true value.
This is because significantly more surface area is located near the front of
the nacelle where the local Reynolds numbers are lower and the local skin
friction coefficient is higher. To account for the surface area distribution

unique to this nacelle design, calculation of the nacelle drag at cruise was
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performed in three sections treating each section independently and adding up
the total drag. Then, several nacelle lengths were used to calculate the
overall nacelle drag, and a characteristic length was subsequently determined
which gave the same drag as the "integrated" drag. The resulting characteris-
tic length was 134 inches compared to a physical nacelle length of 223 inches.
Use of the physical length would have calculated the friction drag low by

~9 1b at M.8/35K. This information was included in the engine cycle deck

to allow evternal nacelle friction drag calculation at any flight condition

and power setting.

Analytical and experimental studies have shown that for conventional
separate flow turbofan nacelles, the nacelle pressure drag is typically 15 to
20 percent of the friction drag. This drag ratio range is about 10 to 15
percent for long duct nacelles. From the standpoint of nacelle finenesé
ratio, the turboprop nacelle is more like a long duct nacelle, and it would be
expected to have similar drag relationéhips. However, the.turboprop nacelle,
as defined and analyzed herein, includes all surfaces and fairings exclusive
of the wing. Thus, it is not the clean, relatively axisymmetric, design of
conventional long duct nacelles. It is expected that the pressure drag may be
closer to the 15 to 20 percent range of the separate flow nacelles. For this
reason, it was.assumed that the pressure drag would be 17.5 percent of the.
friction drag. As with the basic nacelle/installation design, this drag level

would require substantiation/verification in a wind tunnel test.

4.7.10 Mounting and Vibrétion Isolation

The figures referenced and shown in Section 4.7.2 that depict the nacelle
concepts designed for this study included only cursory considerations of engine
and gearbox mounting and dynamic suspension. The engine alone - approximately
1500 1b in weight and with an 8000 RPM output driveshaft - presents no signi-
ficant problem unless it becomes part of the system of dynamics which include
the gearbox and the propfan. As is well understood, the T56, T64 and CT-7 type
turboprop offset-drive installations directly couple the engine and gearbox in
a mechanical manner which combines the two major elements into a single entity

from the point of view of propulsion system mounting and dynamic suspension.
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It is by no means clear that the up-scale from the current 4-5000 SHP
systems to the 12,500 SHP of the APET engine is best addressed by designs that
are similar to these historical examples, and the APET nacelles shown assume
that the engine and gearbox are separately mounted from the dynamic viewpoint.
This change is somewhat radical and would have to be justified in further study
efforts because it introduces the problem that the engine driveshaft must use
couplings which have degrees of flexibility at both the engine and gearbox

drive interfaces.

Follow—-on APET studies already planned will address this problem area and
hopefully provide some design ideas and guidance for the future, high horse-
power, turboprop installations. For the current APET studies, the baseline
of fset gearbox has been examined in conjunction with the Lord Manufacturing Co.
of Erie, Pa. Figure 4.7-33 shows one approach to the dynamic suspension of the

gearbox and propfan that has resulted from a preliminary design discussion.

All gearbox torque loads are reacted by the links shown that terminate
in Points A and B. Loads at these two points, due to torque reaction only,
are transmitted directly to the nacelle structure. Anti-vibration mounting
material can be included in a sandwich which forms part of the pedestal type
support brackets that enclose the large, laterally disposed, torque tube.
Additional elastomer may also be introduced at the end fittings that join the

of fset levers to the torque tube.

Thus, the additional mount points identified as C, D, E and F play no part
in reacting torque and may be optimized for the isolation of thrust, vertical
and side loads, or combinations thereof. This system also has excellent redun-
dancy for safety aspects that would be considered in any final design - such as

whirl/flutter phenomena and analyses.

4.7.11 Maintainability and Accessibility

The nacelle designed for the baseline engine with offset gearbox has
already been illustrated (see Figure 4.7-4). The concept for maintainability/

accessibility is discussed below:

The engine and gearbox are located and mounted within the nacelle as

separate entities and are coupled to each other by a drive shaft that uses
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Torque Tube

Elastomeric Shear
Sandwich Mount
(4 places)

Figure 4.7-33. Anti-Vibration Mount Concept for APET Turboprop Gearbox.
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flexible couplings at each end. Both these couplings use flange joints that
permit removal of the driveshaft proper without requiring any axial displace-
ment of the engine or the gearbox. Access to these joints is via the large
lower cowling doors and via the special access doors in each side of the

nacelle opposite the rear face of the propfan gearbox.

In this manner, the engine and gearbox installation or removal can be
effected without disturbance to each other. The engine is three-point sup-
ported by the nacelle mountings provided and is installed/removed by pure ver-
tical motion. The gearbox is four-point supported by the nacelle mountings
provided and is installed/removed by pure axial motion. The PCM and the prop-
fan controls are modular and may be installed or removed without disturbing

other components or assemblies.

The engine inlet is shown as part of a removable assembly, as is the
engine exhaust duct. Both these assemblies would be removed from the nacelle
prior to engine removal and would be reinstalled after the engine has been
locked to the nacelle mounts. Access provisions hgve been located so that
installation or removal is in a straight forward manner. "Exploded" views of
the three nacelles designed for the APET studies are included as Figures
4.,7-34, -35, and -36. These sketches are believed to be self-explanatory in
showing the principal features that have been designed to assure adequate

maintainability.

4.7.12 Systems and Controls

The development of the design concepts shown into a detail consideration
of the engine installation might possibly be of value if further APET studies
are warranted. This is particularly true of the FADEC system and the heat
exchanger installation. The FADEC system is recommended in the Development
Plan in Section 4.12 as a key technology item and is the subject of its own
development and cost plan. All the other systems are deemed to be straight-

forward and within current design and hardware experience.

4.7.13 Fire Safety

Isolation of zones within the nacelles has been indicated on the nacelle

studies made. The high-speed turboprop instalLation does not appear to have
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any unusual requirements for fire safety except with regard to the care taken
to protect the engine and propeller control means from degradation or destruc-—
tion by internal nacelle fires. Obviously, these areas will require careful
attention in any final design effort. Fire extinguishing and nacelle ventil-
ation will be more demanding than the low—-speed turboprop because of the low-
drag nature of the nacelle aerodynamic design and the desire to keep external

flow excrescences to a minimum.

4.7.14 Performance Comparisons = Turbofan Versus Turboprop

4.7.14.1 1Installation Models

Simplified installation models for both the turbofan and turboprop air-
craft were used in this study. Simplification was achieved by eliminating
drag items that are difficult to asess or that are controversial. Restrict-

ing the installation models to "basic" drags yields a clear picture of the

fundamental differences between the two propulsive systems although admittedly,

some of the omitted drags may have significant consequences. However to make
arbitrary estimates at this point in time would cloud the picture to the point

that more harm than good may result.
Items included in the installed performance drag bookkeeping are:

® Nacelle Scrubbing

° Nacelle Pressure Drag

° A Wing Scrubbing Due to A Mach No.
° Gearbox Heat Exchanger

) Boundary Layer Diverter and Nacelle Purge System
Items acknowledged but omitted are:

™ Swirl Angle‘of Attack Induced A Lift, A Drag

° Swirl Recovery
° Compressibility Effects
° Nacelle/Wing/Propwash Interaction

The applicability of the various included drag items to the two propul-

sive systems is shown in Figure 4.7-37.
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Turbofan Turboprop

Nacelle Friction Drag X : X
Nacelle Pressure Drag X X
Ram Recovery X 1
Spillage X +
Prop/Gearbox Losses - ’ - X
Bounday Layer Diverter - » X
and Purge System

¢ Constant i-i/ZZ Iniét Af Subtracted From Prop Hub
1 AP Rise

e Prop Hub AP and AT Rise Included in Cycle Bookkeeping
+ Included in Nacelle Drag

Figure 4.7-37. APET.Installation Loss Bookkeeping.

Design details for the nacelle and inlet along with a description of drag
calculation have already been shown in this Section. A brief description of

the bookkeeping system and a summary of results are presented here.

The wing and nacelle scrubbing model is shown in Figure 4.7-38. The wing
area, less the nacelle footprint, scrubbed by the prop wash is charged with
drag resulting from the change in Mach number through the prop (AM). The
nacelle itself is charged with drag resulting from the full prop discharge
Mach number (M, + AM). The nacelle pressure drag is considered to be 15-20%

of the nacelle friction drag.

The heat exchanger loss, Figure 4.7-39. can be put into two categories;
ducting and external losses and heat exchanger core loss. The ductng and
external loss estimation procedure are fairly straight forward. The heat
exchanger core is more complex; it operates as a pressure loss generator and
provides heat addition to the flow. The pressure loss and temperature rise

across the core are important to determining the heat exchanger internal drag.
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AMach Across Prop
(~+.04 Mach @ MO. 80)
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Figure 4.7-38. APET Propeller Gearbox
Related Drag Accounting -

Prop Wash Drag.

e Gearbox Heat Exchanger

Variable
Exit Area
C .
FRAM e Fout cm——e
—— ]

e Core Loss Levels Supplied by Hughes-
Treitler Mfg. Corporation.

e GE Estimates of Inlet, Exhaust and
External Losses

e Baseline Design is Nacelle Mounted

e Alternate Design is Mounted in Wing Glove

- F - F

F
Drag = Ram

Out External

APET Propeller Gearbox
Related Drag Accounting -
Gearbox Heat Exchanger.

Figure 4.7-39.

General Electric contacted a heat exchanger manufacturer, Bughes-Treitler

Manufacturing Corporation, who provided a preliminary heat exchanger design

based on the APET turboprop specification.

supplied by Hughes-Treitler is given in Figure 4.7-40.

The critical heat exchanger data

A boundary layer

diverter and purge system loss is associated with a turboprop and not with a

turbofan.

~

loss was estimated.

The boundary layer diverter loss was analyzed but the purge system

A typical loss breakdown for an end of climb flight condition is shown

in Figure 4.7-41.

Climb path loss levels are shown in Figure 4.7-42.

The

impact of cruise speed and part power on installation loss level is shown in

Figure 4.7-43.
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Figure 4.7-41. APET Turbofan & Turboprop Installation Loss Bookkeeping.
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4.8 MISSION ANALYSES

4,.8.1 Scope

As indicated earlier in Section 4.2.4, mission analyses covered both
turbofan and turboprop powered airplanes at the three cruise design Mach num-
bers of 0.70, 0.75 and 0.80. Each airplane (six in all) was a point design
for its selected cruise Mach number. The analyses were performed on a com-
puter using a General Electric mission analysis program which (for this study)
was limited to estimates of fuel burn and flight time expended in the follow-

ing flight modes:
° Takeoff (fuel allowance only)
e Constant altitude ‘acceleration

° Constant Mach number climb

° Constant altitude and Mach number cruise
® Constant Mach number climb to optimum Breguet cruise altitude.
° Constant altitude and Mach number cruise after discontinuous change

in altitude and Mach number

' Breguet cruise

° Decelerated descent along a specified path
° Constant Mach number descent
® Maneuver mode (used for reserves).

The nondimensional aircraft drag characteristics (drag polar) and weight-
were inputted to the program. A matrix of engine performance data (met thrust
as a function of altitude and Mach number) was run on the cycle deck and

placed in a file. This file was then read by the mission program.

The mission program "flew" a ''rubber" airplane. That is, aircraft weight
engine weight and engine thrust were adjusted (scaled) to match the mission
requirements. The output of the mission program (aircraft weight, fuel burn)
reflect the complex interaction of engine thrust - SFC characteristics and

aircraft design. Wing loading and thrust loading were systematically varied.

b4
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The computer program was also capable of determining the effects of small

changes and, hence, could be used to obtain sensitivity factors.

Airplane weight estimating procedures have already been discussed in
Section 4.2.5 and will not be repeated here. However, it should be noted that
the sensitivity studies included the effects of both propulsion and aircraft
structure weight assumptions, and these are later reported in the Section

devoted to "Sensitivities".

Operating costs, as described in Section 4.1.3, used the ATA method, with
Boeing modifications, updated to the 1981 economy. Aircraft and propulsion
prices used in-house methodology, while fuel price was subject to prior agree-

ment with NASA and was set at $1.50 £ 0.050 per gallon.

Acoustic and emission analyses of selected mission sized airplanes were

also made and are reported later in this section.

4.8.2 Measures of Merit

Three measures of merit were considered; fuel burn, available seat miles
per gallon (ASM/GAL) and direct operating cost (DOC). Fuel burn is the most
direct measure of efficiency; it depends solely on the technical accuracy of
the aircraft performance, aircraft weight and engine performance. ASM/GAL is
as direct a measure as fuel burn but has some of the advantages of a nondimen-
sional parameter in that it can be used for direct comparison of advanced
technology and current technology aircraft/engine systems. The DOC measure
of merit is the most all encompassing index, and the one most important to
operators. The DOC, however, is the most difficult of the three measures to
assess accurately. The very element that makes the DOC valuable, incorpora-

tion of economic factors, also increases the uncertainty of its value.

4.8.3 Fuel Price Forecast

The Statement of Work (SOW) for this study called for the Contractor to

estimate the future expected price of fuel and then conduct Direct Operating

Cost (DOC) analyses with these values of fuel price. In the past
prior to 1973, the price of aviation fuel was both low and predictable.
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Currently, the pricing of fuel is in a state of flux; and predictions of
future fuel price vary considerably from one source to another. The future
cost of the fuel relative to costs of other goods and services is an
important parameter in comparing the economics of different airframe/engine
systems as fuel cost is the dominant items amongst the nine that collectively
make up the DOC of an airplane. Of these nine DOC elements, two are
independent of inflationary pressures, i.e., utilization and block distance.
Six of the remaining items (airframe and engine pruchase price, spares,
depreciation, insurance, maintenance and crew costs) were all subject to
similar economic forces and inflationary pressures. ‘Fuel prices, however,
because fuel is a depletable resource item, is subject to different economic

pressures and also is sensitive to political conditiomns.

4.8.4 DOC Method

As part of the economic assessment of the aircraft, unit airplane fly-
away prices have been estimated by dividing the airplane into two basic cate-
gories - (1) Airframe, including avionics, and (2) Propulsion. Estimating

relationships were devised to allow for the variation of airframe price with

~ variations in airplane size. These relationships were primarily based on the

data contained in the following two reports:

o NASA CR-151970 '"Parametric Study of Transport Systems.....Weight" --
- Report by 'Science Applications, Inc.," Published in April 1977.
(Reference 33)

* Society of Allied Weight Engineers Paper 1416 "Price-Weight Rela-
tionships of General Aviation, Helicopters, Transport Aircraft and
Engines" dated May 1981, by Joseph L. Anderson.. (Reference 25)

In addition to the above, General Electric used Hamilton-Standard data
for estimating propfan and controls price and maintenance costs and used
in-house programs for estimating engine, gearbox, and nacelle structure and

system costs to achieve total propulsion system costs:
Three DOC methods have been evaluated in detail. They are:
° EURAC method (Reference 31).

' ATA method as modified by Boeing and updated to 1981 (Reference
32).

° NASA method (Reference 30).
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In terms of the installed performance turbofan versus turboprop mission
assessment results are listed in Table 4.8-1. At the "ranking" mission range
of 300 N. Mi. the curve of fuel burn versus Mach number is very flat, as the
fuel burn value changes only a small amount for the variation between Mach 0.70
and Mach 0.80. (170 pounds difference at 300 N. Mi. for the turbofan, and 130
pounds for the turboprop). These values of about one pound of fuel per pas-—
senger over the “ranking" mission are really insignificant and indicate quite
clearly that the selected cruise speed for some future high speed turbofan (or
turboprop) short-haul airplane will be driven by other factors than just the
fuel burn values calculated here. Nevertheless, the difference in fuel burn
between the turbofan and turboprop, irrespective of the selected cruise Mach
number, is around 18 percent. This value may seem lower than those reported
in other propulsion studies, but is believed to be quite accurate for the
APET airplanes analyzed. Part of the reason may be that the APET turboprop
airplane is charged (at cruise speed) with 2.4 percent more installation loss
than the turbofan. Other differences may lie in the very high performance of
the advanced design, E3 type, turbofan engine installed in a mixed flow
nacelle. The similarity of all the airplanes studied and the weights that
have been used, practically preclude anything but propulsive efficiency pro-
viding the delta fuel burns. The installed SFC of the three different Mach
number airplane designs is shown in Figure 4.8-3, which directly compares the
turbofan versus turboprop at their correct cruise thrust size values for the
point design airplanes on a standard day. The bucket SFC's are shown for each
Mach number and these percent values are less than the percent valués calcu-
lated for the mission fuel burn. The reason for this is the large advantage
of the turboprop during the climbout to cruise altitude. This comparison is
shown on Figure 4.8-4 (for a non-standard day) while Figure 4.8-5 compares
(for two Mach numbers) the mission fuel usage of turbofan versus turboprop at
1000 N. Mi. and 300 N. Mi. From here it can be seen that the climb fuel

dominates the bar chart for the shorter range flights.

4.8.6 Fuel Burn Analyses Results — Alternate Studies

During the course of the APET studies, some questions were raised by NASA
and the USAF Propulsion Laboratory relative to an evaluation of some alternate

configurations and design parameters. The objective of these inquiries was
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Table 4.8-1. APET Turbofan/Turboprop Mission Assessment.

e 1000 NM Design Range
e 300 NM Renking Mission

0.80/35000 0.75/35000 0.70/35000
Reference Base Reference Base Reference Base

F P TF TP TF TP
TOGW 111970 110990 109310 108850 108040 107310
OEW 64390 65490 62480 64080 61690 63100
W/8/¢ Pan or Booster | 721 63.3 679 61.1 657 59.6
W/8/6 Core 56.1 40.0 52.8 38.7 51.1 37.7
Fan Diameter 4.9' -— 4.8' — 4.7 —
Prop Diameter —-— 12.5* — 12.3' -— 12.1'
FNIN @ 0.2/SL / 27° 13940 14870 13120 14370 12690 14000
Fuel Burned
Design Mission 9270 1b -12.7% 8950 1b -13.22 8775 1b -14.32
Ranking Mission - 3780 1b -18.32 460 1b -17.42 3410 1b -18.02

("..-’ Customer HPX, ilacelle Drags, Prop Wash, Heat Exchanger)
e Engines Sized for 150 PAX APET A/C, Mo. 80/35000' Cruise
e VTip Prop = 800 FPS, SHP/D2 = 37.5 @ 0.8/35K

Mixed Flow TF Boosted TP
BER = 7.1
PRgy = 40.2 PRop = 40.2
Fan Dia = 4.9 Dia Prop = 12.5'
MO. 70/35000' - Std. Day MO. 75/35000' - Std. Day MO. 80/35000° - Std. Day
.70 |- .70 | .70 |-
.65 | 65 L .65 |-
(=4 .
g &
.60 L o .60 b 3 .60 |
LS = L
- TF '«
855 = .55 | -10.5%
£ -11.8% & -
50 | ™ .50 |-
.48 11 ] ! ] .45 L1 1 1 ]
15 20 25 30 35 40 15 20 25 30 35 40 15 20 25 30 35 40
Installed Thrust - Lb/100
APET INSTALLED
Figure 4.8-3. APET Installed Performance Comparisons Baseline TF Versus
Baseline TP.
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('\m’ Customer HPX, Nacelle Drags, Prop Wash, Heat Exchanger)

(Equal End of C'imb Thrust)
Mixed Flow TF

BPR = 7.1
0.1
o Boosted Turboprop
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Figure 4.8-4. APET Installed Performance Comparisons
Baseline TF vs. Baseline TP Climb SFC's,
Airplane/Engine Mission Sized
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-
~ v T.0./Land
NN .
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Figure 4.8-5. APET Mission Fuel Usage.




to quantify the value, or level, of improved performance that is attributable
to each of the assumptions made for the definitive APET airplane and its

selected turboprop propulsion system.

Consequently, efforts were made to modify the mission analysis computer

program with revisions to the input assumptions. The NASA contract required

that the APET turboprop performance be evaluated in the Mach Cruise Range of
0.70 to 0.80, at cruise altitudes that are typical for the current generation
of turbofan powered airplanes. Therefore, changes were made towards defining
what the differences might be between an airplane designed for service circa
1972 versus one designed for service in 1992, These differences are summa-
rized below: '

] The maximum payload range point would be fixed at 2000 N. Mi. (versus
the APET limit of 1000 N. Mi.).

o The weight of the airplane would use 1972 level of technology (versus
the APET 1992 level). :

. The turbofan propulsion system weight and specific fuel consumption
would be related to CF6-50 technology (versus the APET E3 + tech-
nology).

° The wing would be non-supercritical in airfoil section and would be

designed for an aspect ratio of 9 (nine) (versus the APET supercri-
tical assumption with an aspect ratio of 11).

° Finally, the quantitative value of the E3 fan as a propulsor would
be changed (APET uses the H-S prop fan). These levels, or steps,
were evaluated one at a time, but not necessarily in the order pre-
sented above.

Table 4.8-2 shows in terms of both reduction of Takeoff Gross Weight
(TOGW) and fuel burn the benefits which accrue due to the performance improve-
ments postulated for the turbofan powered APET airplane. These results are
also depicted on Figure 4.8-6 which graphically portrays the data of Figure
4,8-2 with the steps enumerated above, and which also includes the benefits

due to the propfan.

4.8.7 Mission Analyses - Sensitivities

The conventional parameters of SFC for various mission segments, weights

and drags were varied to determine the resultant airplane sensitivitv at
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Table 4.8-2. Technology Study - Turbofan Civil Transport Study - 150 PAX.

o Effects of Varying Technology Assumptions

Percent Fuel Burn Percent Fuel Burn Percent
Engine Airframe | Airfrase Design Reduction 1000 NMI, Reduction 300 NM1, Reduction in
Code | Technology Aero Weight Range TOGJ in TOGW 652 LF in Fuel Burn 652 LF Fuel Burn
cre AR = 9 1972 2000 | 155606 12949* $335e
>1.7 218.0 >18.2
“APET" AR = 9 1972 2000 143583 10613 4361
>1.8 23.7 > 2.6
“APET" AR = 11 1972 2000 160860 10131 4222
.6 >7.1 > 7.6
“APET" AR = 11 1995 2000 | 125823 9212 3818
>8.9 >3.6 > 3.4
“APET" AR = 11 1995 1000 112000 8749 3759
*Baseline Values for Percentage Calculations
13 CF6 Turbofan
AR =9, 1972 Weights
Design Range 2000 N. Mi.
12 Qesign Rang
1" be-Fullscale E? Tech
o S .
- ; “§i—AR=11 XX Point Design Airplanes
§ y|-1995 Weights
S 9 317 1000 N. Mi. Design Range
” #12.9% : Range 1
8 U TOF
£ e 7618 TURBOFAN
=S 7
om
® 6
T
5
‘ | P—— [/
300
s b 0.70_0.75 080
————————— Cruise Mach
18.3% Numbers
Figure 4.8-6. APET Results Fuel Burn Versus Technology Versus MCR Versus
Range, 65% L.F.
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both the 1000 N. Mi. design range, and the 300 N. Mi. "ranking" range. These
results are shown (for the Mach 0.80 turboprop) in Table 4.8-3,

 Overall SFC is clearly the most sensitive parameter, followed by aircraft
structural weight and drag (CDO). These sensitivity results are generally in
accord with values shown on other contractor studies in the literature and are

therefore believed to reasonably represent the APET airplanes.

Table 4.8-3. APET.Mission Sensitivities.

0.8M - Design Turboprop

% 4 Fuel Burned
Parameter Design Range 300 NMI
SFC Cruise +13 +0.66 +0.16-
-12 -0.65 -0.18
SFC Climb +12 +0.33 +0.64
-12 -0.33 -0.64
SFC Descent +1Z 40,03 +0.08
-12 -0.03 -0.08
SFC Overall +12 +1.14 +1.03
-1 -1.12 -1.01
Propulsion Weight +1% +0.10 +0.11
-12 -0.09 -0.11
A/C Drag (CDO) +1Z +0.60 +0.53
=12 -0.58 -0.51
A/C Structure Weight +1% +0.62 +0.69
-1Z -0.60 -0.67

4.8.8 Mission Analyseé - DOC Results

Table 3.1-1 given in the "Program Overview" Section has already listed
the DOC parameters that were selected for APET analyses. Using these data as
input to the computer programs, DOC values were obtained at the ranking mis-
sion for all six APET airplanes, with three different values for fuel price.

These results are shown on Table 4.8-4.
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Table 4.8-4. APET DOC Results - APET Baseline Cases Propulsion
Prices Equal.

DOC in $'s/Passenger/Statute Mile

Propulsion Type Turboprop Turbofan

Design Mach No. 0.7 0.75 0.8 0.7 0.75 0.8

DOC (Fuel @ $1.00/Gal) | 0.0311 | 0.0314 | 0.0320 | 0.0334 | 0.0336 | 0.0344
DOC (Fuel @ $1.50/Gal) | 0.0352 | 0.0355 | 0.0362 | 0.0383 | 0.0386 | 0.0395

DOC (Fuel @ $2.00/Gal) | 0.0392 | 0.0396 0.0404 | 0.0432 | 0.0435 | 0.0447

The DOC's in this table are as calculated using the ATA method, modified

by Boeing and are in 1981 dollars. Table 4.8-5 gives a sample of the computer
printout.

A supplemental breakdown, directly applicable to the flight case analyzed
and reported in Table 4.8-6, is given in Table 4.8-7.

A plot of the DOC results for the point design airplanes flying at their
design Mach number at the Figure of Merit range of 300 nmi is shown in Figure
4.8-7. Additional data on this figure shows the effect of the point design
Mach 0.80 turbofan and turboprop airplanes flying at the reduced cruise speed
of Mach 0.70. Also, the effect of reducing cruise altitude from 35 thousand

feet to 30 thousand feet is also noted.

Figure 4.8-8 depicts the rate of change in DOC as variable fuel cost
assumptions and variable engine price assumptions are made for turbofan and
turboprop airplanes. At the relative total price of turbofan versus turbo-
prop airplane equal to unity, and with the price of fuel pegged at 1.50

dollars per galion, the turboprop airplane has a favorable relative DOC of

just over eight percent.
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Table 4.8-5. APET Baseline Turboprop Mach 0.8 Design
Price of Fuel §1.50.

Aircraft Data

Aircraft: APET Engine: GE-APET
T/O Gross Wgt. 1lbs : 110986. Number of Seats: 150
Airframe Weight 1bs : 51930. - No. of Crew Members: 2
Propfan Dia. feet : 12.5

Operating Data: Domestic Flight
Stage Length St. Mi. : 345.0 Block Fuel 1lbs : 2922.0
Block Time hrs : 1.134 Shaft Horsepower: 11389.0

Ground Maneuver Time Hr : 0.24 Assumed Number Trips/Year: 2960

Financial Data

A/F Price § : 12467000. : Price of Fuel $/Gal : 1.500
Propulsion Sys. $EA : 3628094, Labor Rate $/M~hr : 14.19
Fly-Away Price §$ : 19723188, Maint. Burden Z : 200.0
Fuel Price Base Yr.: 81
A/F Core Propfan GE Nacelle
Spare Ratio: 0.06 0.30 0.30 0.30 0.06
* Depreciation Period Yrs: 15.0 15.0 15.0 - 15.0 15.0
Residual Value % : 10.0 10.0 10.0 10.0 10.0
Calculated Data
Contributing Factors
Utilization, Block Hrs/Yr 3356.6
Total Investment, $ 22429998.
$/Block Hour ' $/St. Mi.

Depreciation 400.91 1.3178
Insurance 29.36 0.0965
Crew, Cockpit Only 356.33 1.1712
Fuel 573.45 1.8849
Airframe Labor, Burden Incl. 134.61 0.4400
Airframe Material 29.09 0.0956
Engine Labor, Burden Incl. 51.15 0.1681
Engine Material 75.83 0.2492

Cost to Fly = $959.14/Block Hour

. Direct Operating Cost
$/Block Hours $/ST. Mi. $/ASM $/F1i§E; Hr
1650.73 5.43 0.0362 2097.79

295




Table 4.8-6. APET Baseline Turbofan Mach 0.8 Design
Price of Fuel $1.50.

Aircraft Data (APET-Fan Engine)

T/O Gross Wgt. 1bs : 111970. Number of Seats: 150

Airframe Weight 1bs : 50974. No. of Crew Members: 2
Operating Data: Domestic Flight

Stage Length St. Mi. : 345.0 Block Fuel 1lbs : 3578.0

Block Time hrs : 1.136 Thrust 1lbs : 17429.0

Ground Maneuver Time Hr : 0.24 Assumed Number Trips/Year: 2960

Financial Data

A/F Price $ : 12540000, . Price of Fuel §$/Gal : 1.500
Propulsion Sys. $EA : 3628094. Labor Rate $/M-hr : 14.19
Fly-Away Price $ : 19796188. Maint. Burden X : 200.0
Fuel Price Base Yr.: 81
A/F Core Reverser Nacelle
Spare Ratio: 0.06 0.30 0.30 0.06
Depreciation Period Yrs: 15.0 15.0 15.0 15.0
Residual Value % : 10.0 10.0 10.0 10.0-
Calculated Data
Contributing Factors
Utilization, Block Hrs/Yr 3362.6
Total Investment, $ 22477040,
$/Block Hour $/St. Mi.
Depreciation 401.05 1.3206
. Insurance 29.41 0.0968
Crew, Cockpit Omnly 367.49 1.2101
Fuel 700.96 2.3081
Airframe Labor, Burden Incl. 132.84 0.4300
Airframe Material 28.53 0.0939
Engine Labor, Burden Incl. 50.55 0.1665
Engine Material 90.51 0.2480

Cost to Fly = $1097.86/Block Hour

Direct Operating Cost
$/Block Hours $/ST. Mi. $/ASM $/Flight Hr
1801.34 5.93 0.0395 2288.09

296




Table 4.8~7. APET Baseline Turbofan Mach 0.8 Design
Supp lemental Breakdowm.
Investments = | Depreciation | Insurance | Labor Material
(Incl. Spares) §/B. Hr. $/B. Hr.- | $/B. Hr. | §/B. Hr.
Airframe: 13292400. 237.18 18.64 132.84 28.53
Core Engine(s): 7567121. 135.02 8.65 50.555 | 88.443
Reverser(s): 520400. 9.28 0.59 0. 1.822
Nacelle(s): 1097119. 19.57 1.53 0. 0.246
Totals: 22477040. 401.05 29.41 183.390 | 119.038
Note: Burden included in labor
Effect of Flight Speed
Fuel Cost-$1.50/Gal
. 040
"~ 30K
O ,, Turbofan
w | D 35K
.039 p=— )
= .038 L.
5; Q© Design Point Cases
: .8M Cases Flown at .M
! .037 L aa
S
< 30K Turbopro
A .036 35K ' P
TP
<035 j
.034 | |
.70 .75 .80

Figure 4.8-7.

Flight Mach No.

APET Economic Results - Baseline Cases.
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Effect of Uncertainty in Propfan Propulsion Prices
.8M Design - 300 NMI Leg

1.00
.98 .
.96 -
Cost of Fuel ($/Gal)
I&‘E .94 - 1.00
Ui [ Uy
olo
§ § .92 . 1.50
— 2.00
.90
.88 p—
.86 | 1 i I I |
.80 .90 1.0 1.1
Total Price of TP Propulsion System
Total Price of TF Propulsion System
Figure 4.8-8. APET DOC Comparisons
Propfan Vs. Turbofan.
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4.9 ACOUSTICS

4.9.1 Methodology and Assumptions

4.9.1.1 Aircraft Flight Conditions

Three different airplane designs were acoustically evaluated in this
study. All the airplanes are twin-engined and have under-wing-nacelle layouts.

They are:
1. Mach cruise = 0,80, turbofan powered
2. Mach cruise = 0,80, turboprop powered
3. Mach cruise = 0,70, turboprop powered

Tables of data for the flight conditions at the acoustic measuring points
are noted in Appendix II.

4.9.1.2 Propeller Noise

NASA-CR-145105 and SAE AIR 1407 (References 44 and 45) were used to
develop a preliminary design methodology which computed a scaled OASPL based
on the SAE procedures discussed in the NASA CR. This procedure is discussed

in more detail in Appendix II.

4.9.1.3 Compressor/Fan Noise

A NASA deveiOped method was used for the turboprops and for the fan inlet
and discharge noise for the turbofan. The method is reported in NASA TM
X-71763 (Reference 49). The method determines one-third octave band SPL's for
broadband, discrete tone and combination-tone noise components. This is also

discussed in Appendix II.

4.9.1.4 Turbine Noise

Turbine noise has been predicted using techniques discussed in AIAA
75-449 (Reference 50) which is based on rig and engine data that correlates

pressure ratio, tip speed and exit areas. This prediction method is further

discussed in Appendix II.
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4.9.1.5 Combustor Noise

The prediction methodology used for this component is developed from SAE
ARP 876B, Appendix "D" (Reference 51) and it correlates predicted combustor
noise with mass flow rate, inlet total pressure, total temperature rise and
the total temperature extraction associated with the take-off conditions.

Appendix II also expands on the methodology used.

4.9.1,6 Airframe Noise

NASA TN-D-7821 (Reference 52) is used for this prediction, The equations

used, and definition of terms is included in Appendix II.

4.9.1.7 Jet Noise

These predictions are made using the procedure described in SAE ARP 876B -
Appendix A (Reference 53) and is based on a correlation of fully-expanded mean
jet velocity, temperature ratio, nozzle area and Strouhal number. An exten-
sive model data base is in existence to support this prediction methodology.

Appendix II contains the equations that are used and the definition of terms.

4.9.1.8 Flight Predictions and Adjustments

Air attenuation and corrections are based on the method published in SAE
ARP 866 (Reference 54) and ground reflection correlation and relationships use
the method shown in FAA Report RD-71-85 (Reference 55). The procedure corrects
for spherical divergence air attenuation, ground reflection, Doppler shifting,

dynamic effects, jet noise flight effects, and extra ground attenuation. See

Appendix II for further details.

4.9.1.9 Cabin Noise

In paragraph 4.9.1.2 the references are given for the establishment of the
propfan as a noise source, and nearfield values have been applied to estimates
for the sound pressure level at the fuselage wall. A cabin wall transmission
loss is applied and this then determined an A-weighted interior SPL. Trans-

mission losses through the wall are estimated using the method described in
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NASA CR 159200 (Reference 57). Appendix II, Table II.1-2 gives the values of

the transmission loss (in dB) versus frequency.

4.9,1.10 Treatment Assumptions

The two turboprop engines in this study do not require any treatment
surfaces. The turbofan requires fan inlet, fan exhaust and turbine treatment
areas and the materials and technologies used are similar to those developed
during the course of the NASA/GE E3 program. Details of the suppression levels
assumed in terms of AdB versus Hz are given in Tables II.1-3A and-3B included

in Appendix II.

4,9.2 Evaluation

The three study aircraft have been acoustically evaluated relative to FAR
36, 1978 Stage III limits as dictated by the FAR Part 36 regulations (Refer-
ence 58) Table 4.9-1 gives the results of these evaluations, and these results

are also included in Appendix II.

Table 4.9-1., APET Aircraft Noise Levels.

0.8 Mach 0.8 Mach 0.7 Mach
Turbofan Turboprop Turboprop
TOGW = 111,970 1bs TOGW = 110,986 lbs TOGW = 107,309 lbs
FAR Estimated FAR Estimated _ FAR Estimated
36 Level Margin 36 Level Margin 36 Level:: | Margin
Condition | (EPNdB) | (EPNdB) | (EPNdB) | (EPNdB) | (EPNdB) | (EPNdB) | (EPNdB) | (EPNdB) | (EPNdB)
Takeoff 89.3 85.8 3.5 89.3 90.5 -1.2 89.1 90.2 -1.1
Cut Back 89.3 85.3 4,0 89.3 88.9 0.4 89.1 88.7 0.4
Sideline 95.4 91.3 4.1 95.4 95.4 1.9 95.2 93.2 2.0
Approach 99.3 94.9 4.4 99.2 97.2 2,0 99.1 96.7 2.4

4.9.2.1 Mach Cruise = 0.80, Turbofan

As can be determined from Table 4.9-1 this airplane will meet the FAR 36
limits without trades. Some observations on other factors that would help
improve the system margins are included in Appendix II, and also where the
component levels are given in Table II.2-2 for values at the measuring point

for this aircraft and the two turboprop airplanes.
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4.9.2.2 Mach Cruise = 0.80, Turboprop

This airplane will also meet the FAR 36 limits using cutback. For all
conditions examined the propeller generated noise dominates and system noise

thus becomes directly dependent on propeller acoustic level reductions.

4.9.2.3 Mach Cruise = 0.70, Turboprop

The remarks above for the Mach = 0.80 airplane, equally apply.

4.9.3 Conclusions and Recommendations

This study shows that for the airplanes considered, FAR 36 Stage III
limits can be met, and that the NASA objective for cabin interior noise is
also within reach for some fuselage acoustic treatment weight penalty. Growth
of theiturboprop airplanes is foreseen provided source noise (the propeller)
is capable of some reduction. This may well be provided by a combination of
reduced tip-speed at take-off and some improvement in the blades acoustic

signatures.
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4.10 EMISSIONS

The exhaust streams of aircraft turbine engines usually contain very low
concentrations of objectional gaseous and particulate emissions. However,
aircraft turbine engines do produce exhaust emissions of concern from an air
pollution standpoint. These emissions, in the category of air pollutants,
consist of carbon monoxide (CO), unburned or partially oxidized hydrocarbons

(HC), oxides of nitrogen (NOy), and carbon particulates such as soot or

smoke.

Emission standards have been issued by the U.S. Environmental Protection
Agency (EPA) to regulate the quantities of CO, HC, NO;, and smoke emissions

that may be discharged by various different categories of commercial engines

. when operating within or near airports. The presently prescribed standards,

as published in the Federal Register of July 17, 1973, for newly certificated .
large turbojet/turbofan and large turboprop engines, are presented in Table

4,10-1 and Figures 4.10-1 and 4.10-2. The standards for turbojet turbofan engineé
are based on the engine thrust rating and the turboprop standards are based

on the engine shaft power rating. A direct comparison of emissions for these

two engines can be estimated, on a total weight per cycle basis, using the
appropriate EPA prescribed landing-takeoff cycle. The current prescribed

cycles for emissions calculations for turbofan/turbojet and turboprop engines

are presented in Table 4.10-2.

Some changes to the presently prescribed standards have been proposed by
the EPA. The proposed revisions to the standards were issued by the EPA as a
Notice of Proposed Rule Making (NPRM) on March 24, 1978. The revised stan-
dards, for newly certified large-size engines, are presented in Table 4.10-3.

Metric (SI) units are used for these new standards.

4 Recently, extensive further revisions to the NPRM standards have been
proposed by the EPA. The newly proposed revisions eliminate the existing CO
and NO, standards and the HC standard is relaxed. However, the NPRM smoke
standards are unchanged by these proposed revisions. Based on these currently
proposed revisions, projections of the emission regulations applicable to

large-size turboprop engines in the post-1990 time period are as follows:
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Smoke Number

Figure 4.10-1.
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Table 4.10-1. Current Standards - Newly Certified Large Engines.

(Federal Register - July 17, 1973)

Large Turbojet/
Turbofan Engines

All Turboprop

Smoke No.

(>8000 1b Thrust) Engines

HC 0.4* 4.9*

co 3.0% 26.8*

NOx 3.0% 12.9*
(Fig. 4.1-4) (Fig. 4.1-5)

*Lbs/1000 1b-Thrust Hrs/Cycle
*Lbs/1000 HP-Hrs/Cycle

L1 ]

Maximum Allowable
Smoke Number

50

40

30

20

Smoke Number

10
]

1 2 3
Engine Rated Power (1000 SHP)

EPA Smoke Emission

5 6

Standards-Turboprop

Engines.

Maximum Allowable
Smoke Number

| ] 1 ! |

10 20 30 40 50 60
"SLTO Thrust (1000 lbs)

Figure 4.10-2. EPA Smoke Emission

Standards-Turbojet/
Turbofan Engines.




Table 4.10-2.

Current EPA Prescribed Cycles for Emissions Calculations.

Time-in~-Mode at Percent Rated Power

Turbojet/Turbofan Engines

Turboprop Engines

Time, Power Time Power
Mode Minutes Percent Minutes Percent
Taxi Idle 26 * 26 *
Takeof £ 0.7 100 0.5 100
Climbout 2.2 _ 85 2.5 90
-Approach 4.0 .30 4.5 30

*1dle power setting determined by manufacturer

Table 4.10-3., NPRM Standard - Newly Certified Large Engines.

(Federal Register - March 24, 1978)

Large Turbojet/
Turbofan Engines
(>27 RN Thrust)

Large/Turboprop

(>2000 KW Power)

Engines

HC
co
N0

Smoke No.

3.3%
25.0%
33.0%

79* (RN Thrust)=0.265

277* (KW Power)—0.280

0.045 +
0.34 +
0.45 ¢

* Grams per Cycle/KN Thrust
+ Grams per Cycle/KW Power
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° No CO and NO, standards.

) Less stringent HC standards - not likely to be more stringent than
NPRM values.

® Same smoke standards as proposed in the NPRM of 1978 (as presented
in Table 4.10-3).
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4.11 MILITARY RELEVANCE

As indicated in Section 1, many aspects of this APET study have relevance
to potential Military aircraft programs that include Cargo Aircraft or other
bulk airlifters. These aspects are highlighted in Table 4.11-1. Although no
military studies have yet been conducted that use the APET engine data, it is
recommended that some future work is initiated to see what advantages might
accrue if the Military considered the use of high-speed turboprops for some
selected missions. The "concern'" items from the APET study regarding Military
applications are summarized in Table 4.11-2, and Figure 4.11-1 has been intro-
duced to indicate what the stretched version of the Lockheed Cl41 might look
like if re—-engined with APET technology propulsion systems.

Table 4.11-1. Military Relevance of the APET Study.

° Turboshaft dngine computer decks can be used for both commercial
and military applications.

° Nacelle/engine/wing integration problems are similar (Mach 0.70
to 0.80 range).

® Engine weight prediction methods are valid within the scalable
range of approximately 8 - 18,000 SHP.

K 'Advanced gearbox>design concepts will be identified.

° Development plan for critical technology components can be used
equally for a military turboshaft engine.

° Introduction of FADEC to propeller controls.
° Acoustic (and other) "observables" are being quantified.
° Fuel conservation and low maintenance cost objectives are similarly

shared by both the military and civil sectors.
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Table 4.11-2. Possible Differences Between Military and Commercial

Propfan Propulsion Selection Factors.

Takeoff and landing performance may be more important for the miliary
airlifter.

- This alters engine temperature ratings and affects thrust lapse
rate requirments.

Optimum propfan selection likely to peak at lower SHP/D2 loadings,
lower tip speeds and possibly lower flight speeds.

- Output torques (through the gearbox) may be higher.

Aircraft layout may be radically different,causing substantial

design changes to the propulsion system.

- High wing most probable. Nacelle integration will be different.

- Some unusual layouts may be explored, i.e. tail mounted engines,
pushers.

Engine duty cycles, utilization factors are different.

- Different relative importance of fuel burn.
- Economic considerations are aimed at reduced life cycle costs
rather than the DOC or ROI formulae used in commercial programs.

Engine power size could be drastically affected by considerations of
4 rather than 2-engined airplanes.
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4.12 RECOMMENDATIONS (INCLUDING DEVELOPMENT PLAN)

4.12.1 1Introduction

The APET Study has identified numerous key technical areas and concerns.
The nacelle design, its location relative to the wing and fuselage require the
development of criteria before an airplane design can be explored with confi-
dence. The power drive train which comprises the shaft engine, gearbox drive
shaft and gearbox are also key technology items requiring development tests
which must include the demonstration of life and reliability that is compati-
ble with commercial operation. Control over the engine and propfan will almost
certainly require a specialized FADEC using advanced signaling techniques and
microprocessors. The propfan pitch change mechanism and its power source
should be subjected to a separate design and development program, so that the

opportunity to explore modern concepts and devices is not overlooked.

Figure 4.12-1 summarizes the above in a pictorial manner. It may be seen
that the upper part of the figure is largely representative of technology items
that are principally airframe design oriented, although a prépulsion company
would be'required to make substantial inputs and for some areas (e.g., the
engine inlet and exhaust) they may well be prime. In the lower half of the
figure are the drive train elements and controls which together require devel-

opment into a well-matched system. These key areas are the prime responsibil-

ity of the propulsion company, and have therefore been addressed in some depth

in this study section.

4.12.2 Nacelle Placement

A number of assumptions have been made in this study regarding the desir-
able (for performance and noise) placement of the nacelles on the airplane
wing. Rigorous analyses are not possible in light of the lack of a data base
for these criteria. Airplane drag, weight, acoustic considerations, engine-out
safety and maintainability are all factors which become impacted by the nacelle
placement criteria. The performance of the propfan may also be affected, to a

lesser extent, but the excitation factors through the propfan plane may present

a much more significant problem.
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o Nacelle Design
o Nacelle Location ¢ Nacelle/Wing Integration
Criteria = Aero**
= Structural

o Aeromechanical Loads

o Drags
¢ Dynamics
¢ Structures
o Spinner®
o Propfan

¢ Profiles
o Wetted Areas
¢ Weights

o Exhaust

o Inlet*

e Advanced High Flare

o All Digital, Electronic o High P/P, Rugged, Core
LPT with Orthogona!

Turboprop Control
¢ Advanced Aero Blading
¢ Advanced 2-Stage Booster,
Pitch Change ¢ Advanced with IGV's

Mechanism Propfan
Control .
FADEC
’ Low
¥~ - Emission

* Under Development o Advanced ;o Self-Allgnlngm

o Limited Development 15,000 Hr Driveshaft_
uo Life Control Package
Gearbox

Figure 4.12-1. Advanced Propfan Engine Technology - Key Technical Areas
and Concerns.
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Wing weight and flutter avoidance criteria with considerations of the
propfan whirl phenomenon subsequent to some assumed failure of a principal
element in the nacelle structure has likewise not been addressed. The whirl
mode loadpath could play a major role in the nacelle structural design concept
and the selection of the methods and varieties of the dynamic suspension of

both the engine and the propfan gearbox.

The aircraft ierodynamics, for both cruise and high-lift coﬁfigurations,
are also largely assumed due to the lack of a data base; and there are
obviously some real questions to be answered regarding optimum flap and other

high-1ift features, particularly leading edge high-lift devices.

- 4.12.3 Thrust Matching

In this study the turbopropfans have been designed to produce identical
thrust levels as the turbofans at 35K altitude, Mach 0.80 flight speed, using
maximum climb power. With this design point matched, the propfan powered
airplane has superior runway and climbout performance when compared with a
high-bypass-ratio turbofan. Credit or debit for this takeoff performance has
been taken in terms of the fuel burned by the competitive systems, but no
other side studies have been made to judge the effects if some other match

point had been selected.

For example, if the turbofan powered airplane was constrained to have
equal takeoff field length capability as the turboprop, the airplane wing size
would be increased as would also the installed thrust-to-weight ratio. These

factors would cause additional degradation of fuel burn values.

It is therefore recommended that NASA further evaluate the selection

criteria for thrust matching.

4.12.4 Aeromechanical Loads

NASA, at their Ames wind-tunnel facility and with the support of air-

frame contractors, are pursuing the installation aerodynamics of the propfan

- and developing analytical techniques for optimum integration of the propfan

flowfield with the wing. It is recommended that these efforts be expanded to

include the measurement of the aeromechanical loads.
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4.12.5 System Dynamics

It is strongly recommended that NASA contracts for the dynamic simulation
of a turbopropfan propulsion system installed in a nacelle and coupled to a
representative wing. Both fatigue data and mode loadpaths can be predicted
and evaluated with good accuracy expectations. These data would be invaluable

for an engine and airplane design program.

The forthcoming NASA PTA program should address this technical area, and
lay the groundwork for an improved computer software package that could be
used in future propfan powered airplane studies.

A}

4.12.6 Structures

The nacelles conceived in the APET study are seen to be radically differ-
ent from previous design experience. A structural design study, possibly best
accomplished together with 4.12.4 and 4.12.5 above, is recommended with empha-

sis on advanced composite shell structures integrated with the airplane wing.

Fireproofing of composite structures is also an area of technology which
needs some practical test programs, and these should be integrated with the

above program.

4.12.7 Nacelle Aerodynamics

NASA should continue inlet studies to the extent of answering questions
regarding pressure recovery behind the propfan, inlet stability in the swirling
flowfieid, and the trade-offs which relate to single offset inlets versus two
(or more) offset inlets. The important criteria for lip shape and external

forebody geometry must also be determined.

The exhaust system suppression effects due to the propfan flowfield should
be tested in a scale model program so that the estimated nozzle performance

coefficients can be verified.

The current NASA turboprop inlet programs are noted as important steps
in defining the parameters for a well designed offset inlet configuration

operating at high subsonic speeds. Some existing turboshaft engine should be
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selected and an inlet design should then be tailored for this engine. The

sysem should then be run in a tunnel with simulation of the pulsed dynamic

flow from the root area of the propfan blade, and a full spectra of inlet

distortion parameters and engine operability criteria be demonstrated.

4.12.8 Engine Low Pressure Turbines

As already indicated in this report, the achievement of high turbine

efficiency using the minimum number of turbine stages is a critical item in

the propulsion system's development. In order to effect a compact design,

the stage pressure ratios and wall slope angles (flared surfaces) are beyond

current technology testing. Component aerodynamic and mechanical test pro-

grams are therefore considered to be essential elements of any key technology

development program.

The goals for these programs are as follows:

1.

3.

Develop techmology to minimize aero losses associated with highly-
sloped flowpath configurations

Incorporate recently developed OGV technology for low radius ratio
APET flowpath

Reduce Reynol&s number effects on efficiency

The expected payoffs are as listed below.

1.

2.

3.

Improved efficiency via loading reduction for fixed number of
stages, or decreased cost, length, and weight via stage number
reduction at fixed efficiency level

Potential for 0.5 points in npr for more uniform stage-by-stage
energy distribution allowed by OGV

Improved efficiency for altitude operation

The approach to the recommended program is as follows:

1.

Execute a two part rig test program to evaluate multiple approaches
to accomplishing goals, including :

- Orthogonal Blading
- Improved Transition Duct Configurations
- Improved Endwall Axial Gap Geometry

- Efficient Deswirl with Low Radius Ratio OGV's
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It is considered that the test program should include two blocks of test-—
ing with an appropriate time being allowed for hardware redesign between

Block 1 and Block 2. The configurations proposed are noted below:
1. Block I, consisting of 3 configurations for Stages 1 and 2

2. Block II, consisting of complete LPT configuration including
redesigns of Stages 1 and 2 based on Block I results
A comparison of the full scale E3 LPT and the scaled sized APET configura-

tions is given in Table 4.12-1. The mechanical assessment being proposed is

included in Table 4.12-2.

Table 4.12-1. Comparison of the Full Scale E3 and the Scaled Sized APET
Configuration. '

APET

Power

Tur~

bines
No. of Stages 5 ‘ 4 3
PR 4.21 7.6 7.8
A/A 3.58 5.42 5.43
Wall Slope 25° 27° | 36°
YPave. 1.25 0.95 1.17
nT 0.917 ---‘ _—
Goal —— -t 0.92+ ——

(12 ne = 1% sfc)
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Table 4.12-2. APET LPT Technology Mechanical Assessment.

Evaluation of aerodynamic features (high AN2, orthogonality) on blade
stress/life and vibration, include: '

° Vibrations - Geometry Effects: On Frequencies

On Vibratory Stress Distribution

° Fatigue - High Cycle Fatigue Life Effects of Geometry

- Hot Engine Enviromment

] Photoelastic - Identify Peak Local Stress Concerns

- Modeled Using Vibration/Fatigue Hardware

° Configurations - Four Variations

- Limited Quantity of Parts (12 of Each Variation)

The overall LPT technology plan and the key milestones are as shown in
Figure 4.12-2,

4.12.9 Engine Low Pressure Turbine Driven Booster Stages

The APET engines in this report contain two-stage boosters with variable
inlet guide vanes (VIGV's). The boost pressure called for in these designs is

about 1.75 (total for the two stages). In order to maintain flow matching

between the booster output (driven by the LP turbines) and the compressor inlet

(driven by the HP turbines), some flow control variable geometry is required.
This may be achieved by flow dumping via interstage bleed valves (which is
wasteful) or by modulating the flow via the VIGV's. Development test programs
for the booster configuration are essential to understand the system behavior
and to establish a methodology for flow control scheduling. A test program to
ver}fy booster performance and control scheduling is therefore also a key

component technology development recommendation.

The program identifies some unique technology features relative to cur-
rent state-of-the-art boosters as exemplified by the T700 engine design.

These features are identified in Table 4.12-3.
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1985 1986 1987 1988
Initial Design | YA |
Air Turbine
Hdwr Procurement — WA
Instr. and Ass'y AN

Test
Mechanical Evaluation
Design —

Hdwr Procurement

LL I>Ll>

Test

Incorporate Data

into Design — A

Figure 4.12-2. APET LPT Technology Plan.

Table 4.12-3. APET Booster Unique Technology Features.

1. Variable Geometry Varies Flow at Constant Speed

- More Efficient at Part Power (Low Flow, High Speed)

- Low Loss Variable IGV, Stator Configurations

- Airfoil Sections With Broad Incidence Range

— Vector Diagrams That Maintain Good Radial Balance of Loading

2. More Highly Loaded Than T700 Booster

- Aero Design Challenge

3. High Tolerance to Heavy, Unsteady Inlet Distortions

- High Inherent Stall Margin
- Low Aspect Ratio Blading
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Table 4.12-4 below compares the configuration of the T700 versus the APET

booster and a 100 hour test program is outlined in Table 4.12-5.

Table 4.12-4. Low Pressure Boosters.

No. of Stages

PR
Vrip//e

rh/re

1.38

1172

0.737

1.75

969

0.67
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Table 4.12-5. APET Booster Test.

100 Hours of Testing to Include:

1. Performance Mapping
- Operating and Stall Lines
- Off-Design Regimes

2. 1Inlet Distortion
- Hub and Tip Radial
- 1/Rev

3. Radial Traversing

- Interstage Radial Profiles

4. Hardware

- One Set Plus Spares

The overall schedule for the proposed booster test program is shown on
Figure 4.12-2,

1985 1986 1987

Aero Design VAN
Mechanical Design VA

Hardware Procurement AN

Instrumentation and

Assembly —_N

Component Test VAN

Posttest Report : LA

Figure 4.12-3. APET Booster Test.
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4.12.10 Turboprop Controls

The turboprops in service today all use some version of hydromechanical
fuel flow scheduling and hydromechanical propeller pitch change scheduling.
The future turboprop is almost certainly going to be equipped with a FADEC
system that simultaneously controls both the turboshaft engine power output
(and all its variable geometry features) and the propeller system. Substantial
design and development efforts will be required for these new control technol-
ogies, and it is recommended that NASA create a sepafate advanced turboprop
control effort to demonstrate a FADEC system on a turboprop in an operational
environment. This program should include the design and demonstration of the
micro-processor based logic for the control, coupled with a digital redundant
output which communicates with the engine and propeller using advanced signal-
ing techniques. These technologies are also considered key to the success of

the high cruise speed turboprop airplane.

This program is recommended to be identified in terms of cost and sched-
ule when Task VIII of the APET program is completed. (Task VIII is currently
in process of study.) This task addresses the design of an advanced pitch
change mechanism (PCM) and includes the concept of control from a FADEC system.
Because the modérn turboprop engine and propeller control are perceived as
being commanded and regulated by the same central processing system, the pro-

gram will address both the engine and propeller systems.

4.12.11 The Propfan Gearbox

NASA is well aware of the critical nature of the gearbox and is pursuing,
through further study tasks, detail design investigations which will cover all
the aspects required to propose an advanced, lightweight gearbox with reliabil-

ity indices for in excess of those being currently demonstrated in service. °

These studies must be followed by a hardware development program which
includes very substantial resources for hardware, rigs and testing. New levels
of Hertzian stress in gear teeth coupled with improved lubrication and lubri-
cants must be verified in an orderly manner. It is foreseen that some major
cooperative industry and NASA programs may provide the best balance of effort,
and the definition of these programs will be one of the prime objectives of
APET Task VII due to be completed by the end of 1984.
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In the meantime, that is before Task VII report is due, a program outline
for a 12,500 SHP turboprop gearbox has been prepared. This program plan is

discussed below. Table 4.12-6 gives the outline for the program plan.

Table 4.12-6. Turboprop Reduction Gearbox
Development Program.

Program Leads to:

' Advanced Technology
Reduction Gearbox 12,500 hp

. Aimed at Late 1980's

The main elements for the proposed program are six in number. These are
described in Table 4.12-7.

Table 4.12-7. Program Elements.

1. Mechanical Design

2. System Analysis
- Vibration

- Lubrication
3. Procure Hardware
4. Outside Contractors Coordination
5. Bearing and Gear Component Tests

6. Full Scale Back-to-Back Rig Test

In the mechanical design and system analysis area there are eight sub-

elements to the program. These are given in Table 4.12-8.
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Table 4.12-8. Mechanical Design and System Analysis.

Program Elements:
1. Select Design Configuration
2. Prepare Detail Drawing
Analysis
OV Coordination
Engineering Coverage During Manufacture

3.

4

5.

6. Component Test Coverage
7. Full Scale Test Coverage
8.

Documentation

Hardware procurment requirements are given in Table 4.12-9, and com-

prise two subelements.

Table 4.12-9. Hardware Procurement.

1. 3 Sets + Spares of Gearbox for Full
Scale Back-to-Back Testing

2. Component Test Bearings and Gears

It is possible that outside contractors will be invited to participate
in certain areas of the gearbox design and hardware test effort because of
their recognized technical expertise in specialist areas. These areas could

include the following:
Possible Outside Contractors

Mechanical Design and Test Hardware

° Dynamic Mount System
° Input Drive Shafting
° Condition Monitoring (GE?)
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Included in Table 4.12-9 there is an item which covers the component
tests for bearings and gears. The plan outline for these components is given
in Table 4.12-10.

Table 4.12.10. Bearing and Gear Component Tests.

Bearings

1. Planet/Star or Idler Bearings

2. Include Gear Mesh Separating Load Effects

3. Equivalent Loading

4, Determine Stability at Various Cooling Rates
S. Determine Heat Rejection

6. Endurance Test

2 Gears

1. Single Mesh Testing

2. Scale of Test Gears (To be Determined)
3. Determine Scoring Characteristics

4. Determine Heat Rejection

S. Load Endurance

A full scale back-to-back rig test is planned for the assembled gearbox.
Table 4.12-11 highlights this test.

Table 4.12-11. Full Scale Back-to-Back Rig Test.

1. New Facility

2. Minimum Testing Requirements
° Initial Assembly and Final Teardown
. 4 Inspections

° Mechanical C/O and Test Plan Testing
(100 to 500 hours)

° Only Torque Testing, No Prop Load Testing

3. Reporting
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The overall timing and key milestone events are shown in Figure 4.12-4.

1985 1986

Preliminary Design

Analysis

Detail Drawing
Procure Hardware
'OV Contracts
Component Tests

Back~to—~Back Tests
~ Rig Design and
Procurement

- Test

N BN
/

Figure 4.12-4,

Turboprop Reduction Gearbox Program.

4.12.12 The Propfan Pitch Change Mechanism

General Electric has

identified some novel deSLgn approaches which may

offer significant improvements in terms of reliability, system stiffness, and

blade position accuracy.

will be addressed by using

Safety of operation is an absolute requirement which

levels of stress that are conservative for the

materials considered, coupled with advanced redundant control concepts and

advanced instrumentation which monitors vital functions as well as diagnostic

functions. Like the gearbox above, the PCM will be further refined in APET

Task VIII, which will produce a detailed recommendation for further efforts to

include hardware appraisal

and development.
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4.12.13 APET Combustor

A technology plan is required to address the performance implied in the
APET study engines combustors. The objective and the challenges are outlined

in Table 4.12-12.

Table 4.12-12. APET Combustor Development.

Objective ~ Develop Full Annular Combustor Technology for Advanced Propfan
Engine Applications.

‘Technology Challenge

1. 20% Reduction in Nondimensional Burning Length (1.75 L/Hp Versus
Current Production Designs of 2.2)

° Reduced System Weight

) Reduce NOy Emissions

2. 30Z Reduction in Liner Cooling Relative to E3.
) Advanced Technology Design

o Increase Available Air for Aerothermal Mixing

3. 100X Increase in HP Nozzle Leading Edge Back Flow Margin
° Increase HP Nozzle Cooling Efficiency
° Reduce Sensitivity to Combustor Thermal Nonuniformity

4. ICAO Research Goals for Future Subsonic Engine Gaseous Emissions®

Carbon Monoxide - 42.00 grams per Kilonewton Cycle
Hydrocarbons - 4.35
Oxides of Nitrogen - 58.00

5. Low Visibiilty
Smoke* -20 SAE

*Using "ERBS" Fuels
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The development plan includes a number of subelements which lead to a

full scale annular test program including the diffuser.

in Table 4.12-13.

Table 4.12-13. Combustor Test Plan.

1.

Development Plan

Parallel, but Interactive, Component Sector Test Programs.

Full Annular Test Program - Profile, Pattern Factor, Stability,
Emissions, Life (Sub-Atm + 35 Atm)

Full Annular Diffuser Test Progfam - Water Table Studies,
Performance, Sensitivity, Stability

Single Cup Sector - Swirl Cup Development (Atmospheric)

Five Cup Flat Sector - Stability, Temperature Profile,
Primary Zone Stoichiometry, Liner Hole Patterns
(Atmospheric) ’

Five Cup Annular Sector - Ignition, Emissions, Ignitor
location, Subidle Performance (Sub-Atm + 7 Atm)

The overall plan including milestones and events is as shown in Figure

4-12-50

4.12.14 Prioritized Recommendations

In order of priority, the recommendations are listed below:

(2)
(3)
(2)
(1)
(3)
(3)

Priority One

Low pressure turbine design/development
Booster wiéh VIGV's design/development
FADEC controls design/development
Propfan gearbox design/development
Propfan PCM design/development

Combustor design/development

This plan is outlined
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Milestones/Events Qtr. 1

Yrs. 1985 1986 1987

s W oN -

LY.
.

10.

11.
12.

Preliminary Design, Flowpath -
Detailed Design, Dome and Liners
Performance Development, Full Annular

Diffuser Development, Water Table and o
Annular Component Testing

Release Diffuser Design ' - i

Heat Transfer Analysis, Combustor and Fuel System o>
Steady State :
Tramsient amd Correlation of Test Data i

Heat Transfer Model Testing 4

p T
Subcomponent Development, Single Cup VJ P = Procure; T = Test
Swirl Cup Design p T
A
Subcomponent Development, 5 Cup Sector
Ign. Profile, Stability

Subcomponent Development, 5 Cup Annular
Sector, Ign., Subidle Performance,
Alt. Starting

Full Annular Performance

Development Combustor
Design Finalized

IO |~

Design, Procure Test

The numbers in parentheses are the suggested order of priority based on

Figure 4.12-5. Combustor Test Plan.

the estimated individual program time span. It would be recommended that

design engineering efforts on all five items be conducted in parallel.

(1)
(2)
(3)
(4)
(1)

Priority Two

Nacelle placement design studies/Wind Tunnel testing
Thrust matching design studies

Aeromechanical loads design studies

Nacelle structures design studies

Nacelle aerodynamics Wind Tunnel testing

The numbers in parentheses are the suggested order of priority based on the

impact that the individual programs may have on an overall design effort.

Also, it should be noted that these five subjects are mostly airframe design

prime areas.
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4,13 TASK VII PRELIMINARY DESIGN OF PROPFAN REDUCTION GEARBOX

4.13.1 Summary

A continued design effort on a propfan reduction gearbox has been made as
a follow-on to Tasks III and IV of Contract NAS3-23044. As a result of con-
ceptual design studies, two basic designs evolved; an in-line compact design

and a simple offset configuration.

These designs were ranked in Task III of the above-mentioned contract and
were rated approximately equal. The Westland Helicopter Co. (working at no
cost to the U.S. Government) was developing a preliminary design for a novel
offset gearbox. Because of this activity, GE chose, in-house, to expand upon
the design of the in-line design so two gearboxes, one of each principal type
(in-line and offset), would result from Task VII. This report however is

restricted to reporting on the in-line design only.

4.13.1.1 Objectives ) -

This study included the following objectives:

° Identify the specifications judged appropriate for a 1990 IOC (Ini-
tial Operational Capability) propfan gearbox

° Provide a viable gearbox preliminary design for a 1990's propfan pro-

pulsion system. The gearbox to include advanced technology systems,
features, materials.

'y Identify the constraints on the géarbox design

° Identify the required technologies

° Identify areas needing technology development

° Quantify the benefits of these advanced technologies

° Provide a Development Plan which will develop these technologies

for timely introduction into a '"product" gearbox.

° Identify other components (gearbox related or gearbox adjacent)
requiring technology advances or development.
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4.13.,2 Design Constraints

The propfan reduction gearbox of the 1990 time period must have maintain-
ability and reliability levels in excess of current experience. This will
require a design for Mean Time Between Unscheduled Removals (MTBUR) in excess
of 20,000 hours. This then in turn will require designing for very high bear-
ing and gear lives in order té achieve system lives of 20,000 hours. Also
demanded are that individual bearings and gear meshes have lives in excess of
100,000 hours depending on the total number of bearings in the system. Thus
the design constraint is to keep the kinematics simple and the number of

fatigue prone components to a minimum.

Also important are interfaces of the Pitch Change Mechanism (PCM) and the
gearbox. Transfer of electric or hydraulic power to the mechanism and access

for servicing also constrains the gearbox design.

To achieve favorable weight factors the design should include integrating

features which have in the past been separate, such as lube o0il coolers and the

oil reservoir. Thus the packaging of the gearing arrangement into a multifunc- .

tional housing becomes an important aspect of the selected design.

The gearbox that is being reported was preliminarily designed to meet the

following criteria:

. Compatibility with the aircraft, engine, and mission developed in
Tasks I through IV.

] Mean time between unscheduled removals (MIBUR) in excess of 20,00V
hours
° Integrate all the gearbox support systems into the basic gearbox; i.e.

no systems to be remote from the gearbox.

o Keep accessory drive systems separate from the basic gearbox.

4.13.3 Trade Studies

Configuration

Initially the configuration of all gearboxes that had ever flown (as

determined from the historical survey) were considered as initial candidates
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along with other configurations that were thought to have possible potential.

This rather large field of candidates was narrowed to seven final candidates.
As a part of Tasks II and III conceptual designs were made of these candidates

prior to judging them on the following properties:

° Weight

. Cost

) Technical risk

. Development requirements

° Build where possible from an established data base

° Capability of achieving life and maintainability goals
) Installation consideration including dynamic mountings

The two leading candidates, which were virtually tied for first place, were
an in-line compound star configuration and an offset double branch double
reduction configuration. The details of this configuration comparison are

reported in Section 4.6 of this report.

With the approval of NASA, Task VII was contracted to explore further the
preliminary design of an in-line compound star configuration. Also as a sepa-
rate issue General Electric Company continued with an advanced offset con-
figuration, using novel géaring designs. This work was not performed as part

of the NASA-funded contract and therefore is not reported herein.

4.13.4 Design Criteria

The design criteria established for the in-line design included the follow-
ing considerations:

o A design that was established from the mission profile shown in Fig-
ure 4.6-5. This mission profile was used to establish the Cubic ean
Power for bearing system .lives.

. A maximum power capability of 12,500 HP at takeoff. This was a "nom-
inal" power selection and is -applied to the propfan driveshaft.

° An overall gear ratio of 7.4:1 + 0.1
° A system life in excess of 20,000 hours.
) Compatibility with an advanced PCM to be conceptually designed in

Task VIII of this study. This gearbox must include the source of
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hydraulic or electric power and any lubrication requirements for the
total propfan system.

) Simple kinematic arrangement leading to a low parts count thus enhan-
‘cing maintainability, reliability and DOC.

° Use of advanced concepts to help achieve any of the above criteria.

4.13.5 General Arrangements (Current and Advanced)

4.13.5.1 Current

The baseline gearbox design, which is used for the purpose of determining
the worth of the advanced technology features, is shown earlier in this report
as Figure 4.6-13. This design is an in-line compound star configuration having
three branches and is the in-line having the highest rating in the trade study

discussed in Task 4.6 of this report. Desirable attributes of this design are:
' Simple compact kinematic arrangement.

) Propfan shaft bearing span consistent with long bearing life. Aft
bearing is mounted in the star gear carrier.

) Floating ring and sun gear for gear tooth load sharing.

. High speed drives for the Pitch Change Mechanism (PCM) and the auxil-
iary drive for the accessories.

4.13.5.2 Advanced

Task VII, with the approval of NASA, took the configuration shown in Fig-
ure 4.6-13 and idcorporated into it advanced features. The advanced configu-
ration, shown in Figure 4.13-1, is also an in-line star configuration, which is
an evolution of the current design. The configuration choice remains the same

for the same reasons.

The general arrangement of the advanced gearbox designed under this task
is shown in Figure 4.13-1. For this arrangement engine power drives a 30-tooth
input pinion gear which then drives four double idler gears. These four gears
engage a 9l-tooth internal gear for a total gear ratio of 7.3076:1. The ring
gear is splined to the output shaft to provide flexibility and the output shaft

bearing system consists of a ball and roller bearing mounted in the forward
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housing and a roller bearing mounted in the star-gear carrier. The carrier is
a stiff, two piece design to allow for assembly of the internal gear past the
forward support bearings of the four idlers. The 22/53 tooth star gears are of
a welded design with the weld located in the web of the 53 tooth gear. The

differences between the gearboxes of Figure 4.6-13 and Figure 4.13-1 are:

° Slight ratio modification which enables the use of four (instead of
three branches) with a resulting improvement in weight and volume.

° Use of bulk oil temperatures approximately 100° F higher than per-
mitted by current technology. A reduction in size of both the lube
system and heat exchanger is then a direct result.

.. Use of a titanium alloy rather than a light alloy housing. This
change is partly necessitated by the higher operating temperature,
but there-are other benefits as well from this change that are dis-
cussed in Section 4.13.7.9, later in this report.

o Anticipated improvements in Multiplying Factors for bearings. These
improvements will occur as experience continues to mount on the high
bypass ratio fan engines.

. A modulated lube system oil flow rate for improved efficiency at
cruise power settings.

. Ability to exploit more fully the properties of advanced gear mate-
rials (higher hot hardness) as a result.of the elevated operating
temperature.

. Incorporation of an oil tank as part of the gearbox housing. This
has advantages of increased reliability as well as saving weight.

o Incorporation of a heat exchanger as part of the gearbox. This saves
weight, increases reliability, as a result of fewer fluid lines and
connections, and possesses installation advantages. It also ensures
that new production gearboxes can be factory 'system" tested, and
flushed for cleanliness before being installed as part of the overall
propulsion system.

° Incorporation of finer filtration to improve bearing and gear wear.

The gear configuration is a compound star layout, which means that the
star pinions are stepped, each containing two gears. The star pinions also
serve as convenient locations from which accessory power can be extracted. The
twin lube and scavenge pumps are driven from the two lower star pinions. The

sun gear meshes with the larger diameter gear on each pinion, with the ring
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gear meshing with the other, or smaller, gear. This arrangement preserve the
advantages of the simple star configuration (which has unstepped, or single
pinions) but greatly increases the ratio capability at which the gearbox can
still be very competitive in weight. The pinions are, of course much longer in
this configuration and this plus the fact that the tangential forces at the
input and output of the pinion do not lie in the same plane give rise to a cou-
ple that tends to skew the centerline. This tendency places additional impor=-
tance on the rigidity of the star gear support such that changes in deflections
as the load goes from zero, or even negative, to full load, do not unacceptably
change the meshing contact pattern. In order to meet these demanding design

considerations, the use of a fabricated (welded) titanium shell and support

members are highly beneficial. Fabricated assemblies, when analyzed with the

latest Finite Element Analytical techniques, can much more easily be designed
for stiffness in the right places than can a monolithic constant shell thick-
ness aluminum casting. The housing of this gearbox is therefore an advancement
in that it is a titanium weldment rather than the more conventional light alloy
casting. Additidnal.unique featutes‘aré that the gearbox incorporates a built-
in oil tank and heat exchanger. Mounting provisions to absorb thrust,.roll,
(forque reaction), and vertical and side loads are included at four locations

on the outside of the housing in the plane of its largest diameter.

Because of the unique design features of the electric pitch change which
is mated with the gearbox in this study, minimum demands are placed uéon the
gearbox insofar as accommodéting propfan pitch change system requirements. The
gearbox, however, does supply energy within the propfan hub via a high speed
central shaft which is coaxial with the output drive shaft. Approximately 30

horsepower maximum is transmitted, and this is used by the propeller assembly

for:
' Powering the blade pitch change actuator.
° Providing power to de-ice the blades and spinner shell.
° Powering the on-board electronic control.
° Powering, when necessary, the following pitch lock to prevent a lock
:gti;fuation and permitting authorized blade movement toward fine
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Additionally, a low pressure (50-60 psig), low flow hydraulic slipring is pro-
vided within the SDG (Speed Decreaser Gearbox) to supply cool, filtered oil to

channels within the high speed central shaft. This oil is used:

® To lubricate the alternator bearings and speed increaser device.
) To cool both the alternator and motor.
° To activate the emergency feather clutch, if necessary.

Because of the low pressure, this slipring is not a demanding design and it can
be of small diameter as the flow is low. Zero leakage performance of this
slipring is not a requirement as the location within the oil-wetted interior of
the gearbox makes the slipring extremely leak-tolerant. Reliable delivery of

the required flow is the only necessary condition.

4.13.6 Accessories

Removal of an accessory drive section from the propfan speed reducing
gearbox greatly simplifies the SDG and eases the task of attaining the reli-
ability goal. The accessory drives are envisaged as being on an aircraft
mounted accessory drive system (AMADS). The AMAD system is powered by a single
high speed power extraction pad on the SDG. This pad is shown on Figure 4.13-1
and is virtually identical with that also shown on the three branch SDG of Fig-

ure 4.6-13. The maximum rating of this power extraction pad is nominally:

400 horsepower (at)
20,000 RPM

These values are believed to be more than adequate for the AMADS.

This AMADS drive consists of a high speed bevel gear drive providing a 45°
power takeoff (PTO). The airframe required accessories, including the propfan
brake would be on this remote gearbox. The design of this gearbox was not
undertaken as part of this study. The PTO bevel gears from the main reduction
gearbox were designed for 400 hp which is judged to be consistent with the air-
frame requirements for the 1990 time period. Current gear design stress levels
were used for this bevel gear mesh. Bending stresses of 27.9 ksi and com-
pression stresses of 156.6 ksi were considered suitable for this design and are

within the state of the art. Bearing lives over 20,000 hours were calculated.
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As will be discussed in later sections this gear train operates at 100° F
higher temperatures than current technology. The gears would use the same

material as the main reduction gears and the bearings would be M50 or MSONIL.

This pad is located at the lower rear of the SDG and a typical connection
to an AMADS is shown by the installation of Figure 4.7-9. The majority of the
drive components are on a single removable module that contains the shaft,
bearings, oil seals, spline, and gear. Only the mating gear cannot be removed

without an SDG disasembly.

Mounted to the aft side of the main reduction gearbox are two lube and
scavenge pumps. Two are provided for redundancy consistent with helicopter
experience and these are mounted directly to the main housing to facilitate

internal porting and lube transfer to eliminate any need for external lines.

An internal drive has been provided for the Pitch Change Mechanism (PCM).
The PCM intended for use with this reduction gearbox is the electric system
described in Task VIII. This PCM does not require a conventional speed gov-

ernor or control powered by the reduction gearbox, so none is provided.

4.13.7 Main Reduction Gearbox Preliminary Design Details

The detailed discussion of the main reduction gearbox covers the following

areas:
e  Configuration.
. The kinematic arrangement with a four-stage design compared to a
three-star configuration.
] The gear design and certain advanced concepts.
) The bearing arrangement and bearing criteria.
° Lubrication system. |
° Heat generation and efficiency.

) Reliability.
' Gearbox housing design.

° Gearbox/Propfan interfaces.
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Engine/Gearbox interfaces.
Gearbox Physical Description.
Maintenance.

Gearbox weights.

Costs.

4.13.7.1 Configuration

The configuration chosen, that of a compound star gear, possesses many

desirable attributes for this application which caused it to be the preferred

selection.

The principal advantages of the compound star are:
Elimination of planet bearings operating in a high "G" field
Favorable score in the trade study

Compound configuration has the efficiency of a single stage simple
star with the ratio capability of a two-stage star system

Produces an in-line SDG, which is desired, as the altermative SDG
designed was an offset configuration.

Simpler design with projected lower development costs than an equiva-
lent planetary system

Configuration easily accommodates both a high speed shaft coupled to
the bore of the sun gear, which powers the PCM, and an oil transfer
bearing for lube and cooling flow to the PCM

Earlier generation turboprops required an SDG with a much higher
numerical ratio (see Section 4.6.2.1 for this summary). A requirement
for a much higher ratio than that required by current propfan techno-

logy would make the single-stage compound star gear arrangement much
less competitive.

4.13.7.2 Kinematic Arrangement

A compound star arrangement is basically simple kinematically but there

are certain considerations which require attention. These include the selec-

tion of the number of stars, after which the selection of teeth numbers must be

made.
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The "current technology" in~line design utilized a three star arrangement.
During Task VII, efforts were made to reduce the size/weight of the gearbox by
adding one more star gear to produce a reduction of the overall size and weight.
A study of the gear ratio of the first and second stage of gearing was made to
define ratios that would allow an additional star and also provide adequate

material between the stars for the carrier support structure.

Also very important is the proper selection of the individual gear teeth

numbers. A computer program was used to consider the following criteria:

° Assembly with four branches
° "Hunting" tooth action
° Non factorizing with number of stages

For é four-star arrangement, a gear ratio range and gear mesh tooth numbers
were studied and possible combinations meeting the above criteria were calcu-
lated. Table 4.13-1 shows the final selection made compared to the 3-star

design.

Table 4.13-1. Comparison of Three to a Four Star Kinematic Arrangement.

4 Star 3 Star
Stage 1
Pinion 30 33
Gear 53 66
Stage 2
Pinion 22 24
Gear 91 87

Notice that the 3-star arrangement did not meet "hunting" tooth action in
Stage 1, but the same computer techniques could have been applied to this
arrangement. The teeth number would have varied slightly but the basic sizing
would be unaffected. The gear ratio of the first stage was reduced by 13% to

allow more material between the gears in the structure.
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The final gear ratio selected was 7.3076:1 which meets turbomachinery and

propfan speed matching requirements.

4.13.7.3 Gears

Various gear tooth geometries were studied during the preliminary design

of the reduction gearbox. The following geometries considered:

° Spur versus helical gears

° High profile contact ratio gearing

Spur versus Helical

Although helical gears do offer desirable characteristics such as higher
efficiency, quiet operation, and higher-load capacity (as can be seen in Fig-
ures 4.13-2 and 4.13-3), axial loads generated in the mesh must be reacted.
The axial load from the output ring gear can be reacted by the ball thrust
bearing, and the axial loads in the star gear can be balanced by careful selec-
tion of the helix angle in each gear, but to react the thrust load from the
input sun gear, a large high speed thrust bearing must be used. From a study
made, it was decided to use "zero" helix angle gearing to eliminate the need
for this bearing. It would be possible to react the axial load by the engine
Low Pressure (LP) turbine but this would introduce difficulties because of the
connecting shafting arrangement between the gearbox and the engine. The engine

LP turbine is thrust reacted at the rear of the APET turboshaft engine.

An additional problem with the thrust load produced by helical gearing
when idler gears, such as the star gears in this SDG, are used is that the
thrust loads at the input and output meshes of the idler are in opposite
directionsf This situation gives rise to a couple, which must be reacted by
the idler (or star, in this case) gear bearings. Because of the critical design
problem of these bearings, any design which introduces additional bearing loads

was avoided.

Tooth Form

Table 4.13-2 shows a summary of the gear design data. The selection of

gear tooth pitch has been such as to allow margin in the bending stress (tooth
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breakage criteria); compressive stress is being used as the design limit
although scoring will need further investigation to ascertain whether it may

in fact be the actual limiting criteria.

Table 4.13-2, Gear Data, HP = 12,500, Total Gear Ratio = 7.3:1.

Stage 1 Stage 2

° No. Teeth
- Pinion 30 22
- Gear 53 91
) Diametral Pitch P 5.00 4.15
° Pressure Angle (deg) 22.5 22.5
o Face Width F (in) 2.35 3.00
* o K Factor (1b/in®) 860 742
° Compressive Stress (ksi) 163 162
*% o Unit Load UL (1lb/in) 16510 21500
e  Bending Stress (ksi) 37.2 48.4
° Temperature Rise (° F) 118 69

*K = Er_ MG + 1
D Mg

*%kUL, = WI x P

F

WT = Tangential Driving Load

High profile contact ratio gearing could increase the Hertzian stress
capability of the gear set by approximately 30%. This type of gearing has
been used very successfully by GE on the NASA QCSEE engine but it is sensitive
to load sharing between teeth since the bending stress capability of individual

teeth is less than that of standard teeth (see Reference 43).

A study was made to ascertain the benefit (if any) of the use of high con-
tact ratio gearing in this application. For this specific instance the benefit
is not significant. The incorporation of high contact ratio gearing would also

impose an efficiency penalty of approximately 0.3%; which would disadvantage
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the system. Although it is recognized that high contact ratio gearing can be a
worthwhile feature for some designs, in this particular SDG it was not assessed
to have sufficient advantage to warrant further consideration for the detail

design.

4,13,7.3.1 Gear Stress Analysis

Stress analysis was performed utilizing American Gear Manufacturing Asso-
ciation Standards (AGMA) 210.02, 220.2 and 217.0l. A computer program devel-
oped at General Electric, which includes AGMA design equations, was used in the
analysis. The calculated stresses are shown in Table 4.13-3 for the output

design horsepower of 12,500.

Table 4.13-3. Calculated Gear Parameters.

Stage 1 Stage 2
Diametrical Pitch 5.0 4.15
Pressure Angle (degrees.) 22.5 22.5
Face Width (in) 2.35 3.00
Compressive Stress (ksi) 163 - 122
Bending Stress (ksi) 37.2 48.4
Mesh Temperature Rise (° F) 118 69

4.13.7.3.2 Gear Materials

For a gearbox of the 1990's it is anticipated that the design allowables

must be improved. Design allowables for an advanced gearbox are shown in Table
4.13-4

Table 4.13-4. Gear Design Allowables, Current Versus Advanced.

Current (AMS 6265) Advanced
Compressive Stress (ksi) 135-151 165
Bending Stress (ksi) 40-50 : 60
Scoring Flash Temp.(® F) 275 (Low Risk) Testing Required
Max. Operations Temp.(® F) 350 450

As can be seen, these are extensions over current practice. Justification for

the use of these higher values are:
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. More precise determination of material allowables (both bending and
compressive).

° Improved lubricant (compressive, scoring).
° Change in gear material (compressive & bending).
) Better control over bearing center distance variations by thermal

management .

Some experimental data on CBS600, Vasco—X2 Modified and Cartech EX-53 have
indicated improvements in load capacities over the present capability of AMS6265
although all experimental data does not substantiate the higher capability of
VASCO-X2 Modified (Reference 35)., Reference 36 indicates a bending stress
improvement of approximately 20% for Vasco-X2; another source, Reference 37
indicates an improvement of about 25% in compressive stress capability when
compared to AMS6265. Additional evaluation of CBS600 will be needed to deter-
mine its relationship to AMS6265 since Reference 38 indicates no basic dif-
ference in compressive stress capability. Unreported testing of Cartech EX-53
at NASA Lewis indicates this material shows a life improvement when compared to
AMS6265 material.

Another material being developed by the General Electric Company under Air
Force Contract is a modified M50 material. These modifications allow this nor-
mally through hardened material to be case hardened for improved fracture
toughness. This material has been successfully tested for turbine mainshaft
bearings and would certainly be a candidate for a high temperature gear mate-
rial. Gear testing must be accomplished to confirm its suitability as a gear

material.

All of these materials have higher tempering temperatures which should
move the threshold at which scoring occurs upwards from AMS6265. The flash

temperature capability would have to be determined by component testing.

4.13.7.3.3 Gear Scoring

Gear scoring, especially when operating at the elevated temperatures pro-
posed for this design needs further investigation. Scoring thresholds are

dependent not only on the gear tooth meshing geometry but also mesh sliding
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velocities, and the compatibility of the lubricant and the gear material. An
improvement in life is forecast if the gear tooth flank surface finish is
improved from the current standard combined with an overall improvement in fil-
tration of the lubricant. A 5 micron absolute system filtration level would be
selected for the advanced gearbox, for both bearing and gear life improvement

objectives.

4.13.7.3.4 Load Shariqg;Provisions

When calculating gear-mesh stresses, load sharing must be considered.
Some designs are derated to account for this but for the proposed gearbox it

will be accounted for by careful attention to detail design.

Three principal areas in this SDG bear the responsibility for assuring

that the torque is appropriateiy shared by the four branches. They are:

° Precision and Tolerancing: Each star pinion, because of the compound
design, carries two gears. These gears must be timed, one relative
to the other. A second critical area is the relative accuracy of
location of the centers of rotation of the star pinions.

° Mesh Centered Sun Gear: The sun pinion is not constrained radially
but is instead free to be mesh centered by the four mating star pin-
ions. The center distance of each meshing pair (with the sun gear
always being one gear of the "pair") will be what is required for
equal load sharing. Four pinions is the maximum number that can be
used and still allow this mechanism to perform at maximum effective-
ness, although this is still a viable concept with a greater number
of pinions.

) Flexible Ring Gear: The ring gear is not designed to be a rigid
structure, but instead is a compliant band. In addition, the ring is
attached to the SDG output shaft by a flexible coupling that allows
both radial misalignment as well as a deviation from perfect round-
ness of the ring. This coupling is shown in Figure 4.13-1. As a
result, each segment of the ring that is in contact with its mating
star pinion at any instant may be thought of as being "mesh located"
in a fashion similar to that of the sun gear.

4.13.7.4 Bearing Design

Shown in Figure 4.13-4 is a summation of the bearing characteristics,
loads and lives. The bearing Cubic Mean Loads (CML) were calculated from a

typical mission profile shown in Figure 4.13-5. With a maximum power level of
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12,500 hp the calculated cubic mean power is 6885 hp. The resultant system

life is 35,700 hrs which is in excess of the goal for the next generation of

turboprop reduction gearboxes.

Figure 4.13-6 shows the output from the

computer analysis of the bearing reactions of the star gear.

0o

o]
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Bearing Configuration
and Life Summary B1g Life = 35,700 Hrs
-
4
Dynamic cML Max
Mean Dia.  Element Size Number B10 Life
Pos. (inches) (inches)  Elements c'("b':)“' %:;‘)’ W(m) (Hours)
AX. 390

1 5.500 00 18 18,270 fad. 370 8460 1,053,000

2 5/5- 800 18 42,970 720 8450 7,130,000

3 6,800 1.250 1 83,800 6850 4790 182,000

. 6.600 1.250 14 83,800 7365 4790 143,000

5 7.870 230 26 61,400 5650 1160 254,100

6 12440 1.680 18 55,800 8950 1160 178,000

7 12.000 1.340 2 132,700 7630 1160 1,290,000

Figure 4.13-4. Bearing Load and Life Summary.
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Gear Forces 1 ' Bearing Forces
Gear Mesh Axial Radial Tang | Besring FX FY F2 Frad Ang
1 1 0. 37146 953775 1 0. 71556 17449 73653 193.7
2 1 0. 162567 446650 | 2 0. 6848.7 1009 68494 180.8

Bearing Locations

Figure 4.13-6. Star Gear Forces and Bearing Reactions.
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System life is calculated using the expression

-8 -8 -8 -1/8
L = L + L + .. .L
sys 1 2 n
L = L10 of individual bearing using cubic mean power.
B = Weibull slope constant of 1.5 which is consistent with General

Electric engine experience

where Ln represents the L10 lives of individual bearings. The number of bear-
ings can greatly affect the system life and individual bearing lives must be

high to achieve the desired overall life.

Fatigue type failures are only one of the modes of distress for antifric-

tion bearings. Other important considerations are:

® Race rotation which leads to excessive clearance between the bearing
and the gearshaft causing gear misalignment and premature failure.

° Cage failure which creates a vibration and secondary damage to sur-
rounding hardware.

) Contamination scratches leading to earlier than anticipated fatigue
failures.
e  Material subsurface defects that are undetermined by nondestructive

inspections.

Race rotation is controlled by maintaining tight fits throughout the ope-
rating range, and the gearbox requires a detailed thermal analysis with speeds
and initial shaft fitups to determine the operating fits of bearings on their

respective shafts. As shown in Figure 4.13-1 each bearing inner ring is

clamped with a highly torqued nut, and if the inner ring can be eliminated this

should be done. The bearing outer races are all bolted in place.

Cage failure is minimized by careful attention to design details such as

materials, coatings, pocket fitup and clearances to adjacent rings.

Contamination damage is greatly reduced by initially providing a clean
lubrication circuit and maintaining it during operation. The inclusion of a
low micron absolute filtration system, assembly clean room procedures, and

elimination of external lubrication circuits all contribute to the improvement

in reliability of this design.
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4.13.7.5 Lubrication System Design

The lube system schematic is shown in Figure 4.13-7. Major features of

the lube system are:

A lube tank integral with the forward support housing.
Dual supply and scavenge pumps for redundancy.

Separate lube subsystem for the PCM to provide oil which is cooler
than that supplied to the main reduction gearbox.

Modulating flow valve to vary the main gearbox flow rate proportional
to torque demand.

Elimination of most external lines.

Revised oil chemistry to provide high load carrying and temperature
and the selection of a high temperature capability oil.

Improved filtration.

Clean room assembly and test.

An important consideration in the development of the next generation of

turboprop reduction gearboxes will be the lubricant evaluation and selection.

The use of present light viscosity turbine engine oils (Mil-L-7808 or 23699)

unnecessarily penalize the design objectives of a lightweight, efficient and

highly reliable gearbox. The proposed gearbox lube system would be totally

separate from the engine system. The lubricant requirements proposed are as

follows:

300° F 0il supply temperatures
450° F Gear blank temperatures
-20° F Cold starting temperatures *
165 ksi Allowable compressive stress

* Cold starting below -20° F would be facilitated by using the built-in elec-

tric heater before engine start to bring the gearbox oil temperature up to the
~20° level.

Some preliminary studies indicate a Synthetic Hydrocarbon, Diester oil

(for example, Emgard EP75W-90) optimized for 300° - 350° F would generate
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adequate specific film thickness parameters to support the gear loads through
the operating range. Extensive evaluation work in regard to both gears and

bearings remains to be accomplished.

4.13.7.6 Heat Generation and Efficiency

The principal features of this reduction gearbox design that promote high

efficiency are:

Single Stage Design: The choice of a compound star configuration allows

the demanded ratio to be achieved by a single stage while still permitting the
geometry to remain in a weight-advantaged range. The choice of a simple star
design would have necessitated two stages of reduction, with essentially twice
the losses, or if a single stage design were executed, it would be severely
weight disadvantaged. In order to accomplish the required ratio in a single
stage, the star pinions would be very large compared to the sun pinion. This
would restrict the number of branches that could- be incorporated, thus impact-
ing the weight. Figure 4.6-2 in‘Section.4.6;1.3 shows the effect of ratio of

a star system on weight factor.

Use of Spur Gears: Had high contact ratio gearing been employed, the

meshing losses would increase, as the efficiency of this type is somewhat lower.

Lubrication System Features: The use of an elevated oil operating temper-

ature (approximately 100° F higher than the current level permits a greater
differential temperature (oil in to oil out). This enables the heat generated
due to gearabox losses to be picked up by a smaller quantity of oil. Reduced
oil flow also results in reduced churning losses, and a lightweight heat

exchanger.

In addition, an oil flow modulating system is included. Only when ope-
rating at peak torque levels is maximum oil flow provided. At reduced torque
levels the flow is reduced proportionately, which further aids in the reduction
of churning losses. The oil flow is modulated as a function of oil differen-
tial temperature, thus the system functions with a nearly constant differential
temperature even though the power transmitted (and hence the losses) varies

throughout the mission.
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4.13.7.7 Reliability

_For economic reasons it is clear that in order to achieve commercial
acceptance, a modern propfan gearbox must exibit levels of reliability more
than twice that demonstrated by previous turboprop gearboxes. The goal set for
this study is a MTBUR (mean time between unscheduled removals) in excess of

20,000 hours.

The approaches taken in this study to achieve a high reliability goal are

as follows:

° Bearing system life is compatible with the gearbox MIBUR goal. The
bearing lives are shown by Figure 4.13-4.

° Elimination of all functions from the reduction gearbox which are not
related to the primary job of driving the propfan and the PCM. The
one exception is a power takeoff to drive the AMADS.

° Choice of a single-stage design with its attendant simplicity and low
parts count.

) Choice of a star design instead of a planetary configuration. The
problems of planet bearings operating in a high G-field are thus
avoided. The problems of jetting oil to planet pinions are also cir-
cumvented, as moving jets mounted onboard the planet carrier are not
necessary. In summary, the inherent simplicity, as compared to more
complicated planetary configurations, of this design is seen as work-
ing to the advantage of reliability.

° Where deemed advantageous, separable bearing races are avoided.

. Use of spur rather than helical gearing. This relieves the bearing
system of the task of reacting thrust loads.

° Splines are used sparingly in the design. Only the minimum number
necessary are employed and care is taken to avoid placing them in
areas that will not provide an optimum environment, such as areas
where shaft bending is high. All splines are straddled by double
pilots to preclude the possibility of bending loads impairing the
spline function.

. Both the oil tank and the heat exchanger are designed integral with

the gearbox. This eliminates any external fluid lines and connections,
all of which are opportunities for leaks.
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4.13.7.8 Gearbox Housing Design

The three branch compound star gearbox of Figure 4.6-13 was designed with
a light-alloy housing. Given the fact that the density and the modulus of
elasticity of typical engineering materials suitable for housings vary together,
the best stiffness-to-weight ratio is obtained with the least dense material,
typically magnesium alloys. This conclusion is further enhanced by the fact
that frequently wall thicknesses are chosen not because of stiffness or
strength considerations, but because of casting limitations, and requirements

for internally cored passages.

The housing material chosen for the three branch design, however, was
aluminum rather than magnesium. A slight sacrifice in stiffness-to-weight was
deemed appropriate as magnesium is a very active metal and approaches to
corrosion protection must be carefully considered. Another factor mitigating
against the choice of magnesium is its softness, which necessitates greater

use of fastener inserts and bearing liners.

A 100° F elevation of lube temperature For the four branch compound star
gearbox design of Figure 4.13-1, however, essentially rules out the choice of
a light alloy housing because the material strength has begun to degrade
unacceptably at the projected maximum operating temperatures. A fabricated
titanium housing was selected instead. Additional benefits, other than
retention of strength at temperature, are:

° Inherently good corrosion protection, thus additional operations in
surface treatment are eliminated.

° Low coefficient of thermal expansion, thus critical dimensions remain
more stable throughout the operating temperature range.

° Experience of General Electric in the fabrication of large titanium
structures.
Table 4.13-5 summarizes.the various properties of all the examined candi-

date housing materials.

The housing of the four-star gearbox also incorporates the heat exchanger
and the oil tank. As a fabricated assembly, it is clearly superior and less
costly to integrate these functions compared with a cast gearbox housing

necessitating external system components.
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Table 4.13-5. Opposite Rotation Comparison Studies.

e Option AW% | A Eff. %| Comments
- Offset Adapter Gearbox 13 -76 | No Longer “In-Line”
- In-Line Adapter Gearbox 25.7 -1.44 | Many Gears and Bearings
- Additonal Star Gear idlers 19.3 -.80 |Probably 3 Star Gear System
3 Additional Gears
6 Additional Bearings
= Reversed LP Turbine Rotor 0 0 Major Engine Changes
- Star Gear and Epicyclic Arrang. 0 0 Two Unique Gearbox
Designs
- Compromised Siar Gear Arrang.* Ext. Mesh No Additonal
13.2 +.08 | Gears and Bearings
int. Mesh But Larger Than Baseline
26.7 =10

*Compared to Baseline



4.13.7.9 Gearbox/Propfan Interface

The propfan, with the electric PCM of Task VIII (as shown by Figure

4.14-1) places three principal requirements upon the gearbox.

° The connection between the gearbox output shaft and the propfan hub
is by a flanged, bolted joint with a curvic coupling to provide con-
centricity and to transmit the torque. The propeller thrust load is
taken by the bolts in tension; bolt bending and shear is thus
eliminated.

° A high speed shaft concentric with the SDG output shaft powers the
electric PCM alternator. In the case of the advanced SDG, this shaft
is splined into the bore of the sun gear, and thus rotates at engine
low pressure turbine speed.

® The stationary portion of the optical slipring is supported by the
nose of the SDG- and must be positioned with suitable concentricity
relative to the centerline of the output shaft. The redundant opti~
cal cables supplying the signals are routed over the outside of the
SDG housing to make connections with the stationary half of the
slipring. '

4.13.7.10 Engine/Gearbox Interface

There are two physical connections between the engine and the gearbox.
The gearbox input drive shaft is constructed integral with the sun gear. The
rear of this shaft is splined into the engine low pressure turbine shaft which,
at this station, is more properly considered the booster front shaft. A spline
permitting slight misalignment is required, as the sun gear is mesh-centered

and slight radial movement is permitted to effect load-sharing among the

- branches. This splined joint is configured such that the SDG input shaft is

axially constrained relative to the booster front shaft and thus the SDG sun
gear is positioned axially by the engine low pressure system thrust bearing.
Gage spacers may be used, if necessary, to ensure that the sun gear assumes

the correct axial position relative to the mating SDG pinions.

An outer tube with a stiff flanged connection at either end connects the
gearbox housing rigidly to the engine. Discussions with the Lord Corp.,
indicated that a rigid gearbox/engine connection was the preferred mounting
and installation arrangement. Such considerations as assuring safety from

whirl flutter in the case of a failed elastomeric mount situation are made

easier with this design.
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Four equally-spaced pads for elastomeric mounts are provided on the
exterior of the gearbox housing. These mounting points are responsible for
reacting thrust, vertical and side loads, and torque. A rear engine mount is
provided for reacting vertical and side loads but it does not restrain the
engine against axial movement (thrust) or torque (roll about the engine

centerline). This mounting arrangement is shown in Figure 4.13-8.

4.13.7.11 Gearbox Physical Description

The gearbox preliminary design produced in Task VII is an in-line design
(input and output shafts on the same centerline). From a gearbox designer's
standpoint there is little to choose between in-line and offset configurations;
the choice is largely affected by installation considerations of the aircraft

application.

The ratio of this gearbox is 7.3075:1, which is a slight change in numeri-
cal ratio from the 7.25:1 of the gearbox described in Task III. This slight
ratio change permits more desirable tooth action as is described in Section
4.13.7.2. The weight saving between the three branch gearbox of Task III and
the four branch gearbox of Task VII is 178 pounds.

4.13.7.12 Maintenance

Many features in the gearbox of Task VII are responsible for a projected

reduced maintenance burden. They are:

) Design is for a long system life. Conservative criteria is used for
bearing and gear selection.

) The titanium housing is inherently corrosion resistant. Also because
of the hardness of titanium, the use of inserts and bearing liners as
compared to the use of a light alloy casting is greatly reduced.

o The use of an integral oil tank and a heat exchanger attached to the
housing eliminates all external lines and fluid connections thus

reducing the areas that traditionally require significant maintenance.

. Elimination of all functions possible that do not relate directly to
the primary job of driving the propfan remove whole systems which
have proven to be significant maintenance burdens in the past. An
example is the replacement of an accessory drive section by a single
power extraction pad for driving an AMADS.

366




367

*sjunol wolsAg uoysyndoag JAdV "8-€T1'H =2an31g

aInPonAS 3jjaoeN 3y} 0} Juawiyae)y 10} pasn aq
0} 91e 3S3aY L "SJUNOW UOHBIGIA-IUY JO WIBISAS JuBpUNPaY B 10} aJe p pue ¢ ‘2 ‘L sped e
paj23uuod1dju) A|pibiy ase xoqiear) pue aujbuz e

(maA apis) xoquesn aup-uj

#1510 A ®

v-v
uonoas

awe.4 Jeay sujbuz 90 9

@®® @@/ré.v -.

- e
e
(e
!
@O v,
sSnu |
1Syl = 4 nas e
anbioj = | _ g) (peayiing) jlemasd
}piIS=9 jeanponas
[EdJUBA = A .



) Elimination of splines, where possible, and placement of the remain-
ing splines such that adequate lubrication is present and the proba-
bility for wear is low.

. Use of modular construction where feasible. The lube and scavenge
pumps are removeable as modules without the necessity of disconnect-
ing any external plumbing. The accessory drive pad is removeable as
a module as well. The propfan PCM high speed drive shaft and hydrau-
lic slipring can be removed from the bore of the output shaft without
‘the necessity of disassembling the gearbox or even the need of remov-
ing it from the aircraft.

) Shaft oil seals are designed to be externally replaceable without a
gearbox disassembly.

° Where possible, separable bearing inner races are eliminated and bear-
ing races are integral with the gear shafts.

Figure 4.13-9 shows the proposed modular arrangement of the gearbox.

4.13.7.13 Opposite Rotation Gearboxes

A preliminary study was done in regard to opposite rotation gear boxes for
right and left wing applications. There appear to be at least seven options to
accomplish this. These are summarized in Table 4.13-5. Shown in Table 4.13-5
are weight and efficiency delta's compared to the baseline which is the four
star in-line configuration. Figure 4.13-10 through 4.13-12 show schematics of

these seven arrangements along with some general comments.

4.13.7.14 Gearbox Weight

The total weight and the weight of the various components of the four
branch gearbox is shown by Figure 4.13-13. For the same mission, this gearbox
is 178 pounds lighter than the three branch gearbox discussed in Task III. The

breakdown of this weight savings is as follows:

105 1b less total weight of gearbox system
34 1b weight of heat exchanger included in 4-branch G/B
20 1b weight of heat exchanger support and flowpath

19 1b additional housing weight to incorporate integral oil tank (3-branch
178 1b has neither integral tank or heat exchanger)
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Figure 4.13-10.

o

——

Engine

Engine

e Offset Adapter Gearbox
- 2 Large Additional Gears
- 4 Bearings
- Housing and Structure
- Additional Heat Generation

® In-Line Adapter
- 5 Large Additional Gears
- 8 Bearings
- Housing and Structure
- Additional Heat Generation

Offset and In-Line Opposite Rotation Gearboxes.




s

OF PUGH (i

o Additional Star Gear idlers
- Change to 3 Star System
- 3 Additonal Gears
- 6 Additional Bearings
= 2 Unique Out Put Gears

©® Reversed LP Turbine Rotor
- Major Engine Changes
= Unique Turbine
= Counter-Rotating Bearings/Seais
- Scavenge System Changes
- Seal Wind Back Changes
- Scavenge Changes in G/B

Figure 4.13-11. Added Star Gear Idlers and Reversed LP Turbine Rotor of
Reversed Rotation.
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Figure 4.13-12, Star Versus Epicyclic and Compromised Star Gear Arrangement

for Opposite Rotation.
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Designs

o Compromised Star Gear Arrangement
- No Additional Gears
- Same First Stage Mesh
- Ring GR Output for CCW
- Sun GR Output for CW
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Weight Scaling

The weight scaling trends shown by Figure III-3 in Appendix III are valid

for the four branch compound star gearbox as well as for the offset gearbox.

4.13.7.15 Costs

First costs and maintenance costs have historically been hard to estab-
lish. Many turboprop gearbox designs are intimately configured with the gas
generator engine, and thus are not amenable to "break out'" the isolated costs

of gearboxes from the rest of the propulsion system.

In-house manufacturing estimates for the in-line, 4-branch, star configu-
ration have been developed from a detailed cost estimate that was made in Tasks
I through VI. The manufacturing shop cost of the gearbox will be in the order
of $180,000 at the 250th unit. However, with normal amortization of design and
development costs, the selling price of the gearbox at the 250th unit is likely
to be about $330,000. This price will vary drastically downward if different

" assumptions are made on the amortization factors.

Maintenance costs for gearboxes in commercial service have historically
been low when compared to the maintenance cost of the propeller driven by the
gearbox. In general terms, propellers cost about four times as much to main-
tain as do gearboxes. For this study not much improvement was seen in gearbox
first cost factors where parts count heavily favors the least numbers of gears,
shafts, bearings, splines, and seals. The selection of titanium fabrication
for the gearbox housing is adverse on first cost, but does allow the achieve-

ment of lower maintenance costs.

A maintenance "cost factor'" of about 15% of gearbox first cost is estimated
to be achievable with a gearbox designed for 20,000 hours MIBUR. On a $330,000
gearbox price this then equates to an overhaul cost of $49,500, or $2.475 per
flight hour. This is at least as good a value as is being achieved by gear-

boxes from 1/3 to 1/2 the horsepower of the APET gearbox.
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4.14 PITCH CHANGE MECHANISM CONCEPTUAL DESIGN

4.14.0 Design Objectives and Concepts

About three years ago General Electric identified the need for substantial

improvements in the overall level of reliability that would be required for a

propfan pitch change mechanism (PCM) and its controls. These were formulated

into the following list of highly desirable features:

1
2.
3.
4

10.

11.
12.

An autonomous power source. Do not recommend use of gearbox oil.
Completely separate motive power for emergency feather.
"Closed loop" functions within the rotating propeller assembly.

Redundancy of control inputs with FADEC having the highest level of
authority. Complete ground check-out capability.

Modularity and ease of component(s) removal.

A traveling mechanical pitch lock. External power required only
for un-lock functions.

Highly precise pitch selection. Hysteresis held to a minimum.
Self-generated anti-icing power supply
Self-test systems and diagnostics.

Ease of maintenance e.g. no external lubrication of components
required.

Friction/wear points (e.g. seals) held to a minimum.

No filters, no centrifugal dirt traps.

Each feature in this list was expanded into concepts that appeared to have the

necessary advantages for an "advanced" PCM. The paragraphs that follow are

number keyed to the list above.

1.1

1.2

1.3

1.0 ADVANCED PITCH CHANGE MECHANISM - AUTONOMOUS POWER SOURCE

Electromechanical system combining a motor/generator assembly coro-
tating with the propfan is one option.

Control for the above could be all-electronic using GE ECM Technology.
Signalling could be fiberoptic.

ECM = ELECTRONICALLY COMMUTATED MOTOR

High rotational speed pneumatic motor. Mounted on the back of the
propfan gearbox is one option. Also could be located on the forward
face of the propeller hub and be supplied by high pressure air deliv-
ered through either a stationary or a rotating supply tube.
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1.4

1.5

1.6

2.1

2.2

2.3

2.4

3.1

3.2

378

Control for the above could be an all-fluidic logic unit. Signalling
could be fiberoptic. Power source would be a dedicated pressure-
regulated bleed system from the turboshaft engine compressor.

Ground operations with engine shutdown could be regulated pressure
from the aircraft APU.

Emergency operation could be from a high-pressure air storage bottle

communicating directly with a ram actuator connected to the mechanisms
that rotates the blades in the pitch sense.

2.0 ADVANCED PITCH CHANGE MECHANISM - EMERGENCY FEATHER

A very attractive system could be developed that used the rotational
windmilling propfan energy as the motive power source.

Control over the above could be by a clutch/brake unit that does not
operate at all during normal control functioning.

The concentric, high-speed, gearbox provided shaft that penetrates
completely through the propfan hub may prove to be a highly desirable
concept for any emergency feathering system.

Signalling for the above could be fiberoptic using a completely

separate light source, and completely separate fiberoptic bundle,
from the "normal" signal system.

3.0 ADVANCED PITCH CHANGE MECHANISM - 'CLOSED LOOP' FUNCTIONS

It is possible to devise a pitch change mechanism and control system
that is corotating with the propfan and which controls all the
normal operations of the propfan.

- 1It senses its own rotational speed.

= It has stored programs that contain all the necessary information
for each significantly different phase of flight, e.g., start,
taxi, take-off, climb, cruise, descent, land, "normal" feather.
(Emergency feather could be separately commanded) Reverse on
landing, etc.

FADEC control over the above could be in a simplistic manner. FADEC
would select the appropriate "Closed Loop" Program function for the

flight condition and then command the rotating system to be
autonomous.




3.3

4.3

4.4

5.1

5.2

5.3

5.4

6.1

6.2

FADEC would monitor the autonomous systems performance and would step
in with higher authority should programs limits be exceeded.

4.0 ADVANCED PITCH CHANGE MECHANISM - REDUNDANCY OF CONTROL

I1f fiberoptic signalling is used there may be two triple-redundant
FADEC outputs with majority voting logic.

- One will be the "normal control system.

- The other will be the "emergency" control system.

Loss of both sets of signals will be an automatic command to coarsen
pitch and supply an appropriate cockpit warning.

The normal and emergency controls will be physically separated from
each other by the maximum allowable geometry. The emergency system
may be totally enclosed in a fireproof sleeve.

There may also be a third signal which is a simple confirmation. 1In

closed-loop form, that both systems are alive and well, i.e., controls
functions are at nominal settings, power supply is 0.K., etc.

5.0 ADVANCED PITCH CHANGE MECHANISM - MODULARITY

Insofar as practical, all mechanisms and controls will be stacked on
each other, with quick attach/detach modules.

The diagnostic circuit features being monitored by FADEC will resolve
faults to the module level.

It will never be necessary to uncouple the propfan from the gearbox
for control or PCM malfunction.

Traction drives, if used, will be sealed units that are located where
normal maintenance will not disturb their mechanical connections.

6.0 ADVANCED PITCH CHANGE MECHANISM - MECHANICAL PITCH LOCK

A mechanical pitch lock will be provided that leads propeller pitch
when finer pitch is commanded and lags propeller pitch when coarser
pitch is commanded.

The pitch lock will be set in the range of commanded pitch minus one
to two degrees.
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6.3

6.4

6.5

6.6

7.1

7.2

7.3

7.4

8.1

8.2

8.3

8.4
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External power is only required to unlock the mechanism. Conversely,
no power is required for the lock to be operative.

Spring power will not be used in critical functions.
The locking unit, as an assembly, will be an easily removed module.
The normal pitch change function will be routed through the lock.

Any pitch lock malfunction will automatically restrict the propfan to
obey coarser pitch commands only.

7.0 ADVANCED PITCH CHANGE MECHANISM - PRECISE PITCH SELECTION

It is believed that the inherent "stiffness" of traction drive speed
reducers may lead to excellent use in precise pitch selection systems,
when powered by equally precise rotary power units.

An alternative using linear ball-screw actuators has been identified.
The nut and rod end balls would be preloaded against each other to
obtain zero backlash.

Again, traction drives may be an attractive solution for the high
reduction ratios required to convert the rotation speed of the power
source into precise axial positioning.

For all systems, the accuracy of the final engagement of the mechanisms

to the individual propfan blades is a critical design selection. No
favorite method has yet been identified.

8.0 ADVANCED PITCH CHANGE MECHANISM - ANTI-ICING POWER SUPPLY

Although not considered to be a "critical" item there are many and
obvious advantages for the propfan/spinner anti-icing (or de-icing)
system to be an autonomous subsystem of each rotating propfan
assembly.

For an electromechanical PCM the power source could be variable fre-
quency A.C. derived from the PCM generator. 1In this case, the gener-
ator would be sized to provide the requisite power output to supply
PCM and anti-icing functions simultaneously.

A cursory examination of the practicality of carrying a continuously
rechargeable electric battery subsystem has been made. This idea may
be worthy of a separate investigation, particularly if the battery
could also provide the power source for '"emergency" feathering.

The elimination of powered sliprings and brushes is a primary
objective, and has obvious merits.



9.3

9.4

10.1

10.2

10.3

10.4

10.5

11.1

11.2

9.0 ADVANCED PITCH CHANGE MECHANISM - SELF TEST AND DIAGNOSTICS

Dependent on the selection of the PCM power source, there are a
number of desirable self-test and diagnostic functions.

Each designated module must monitor its own health and report to the
FADEC diagnostic center.

Noncritical fault data will be memorized and read out after flight,
on a maintenance diagnostic test device. Critical faults will be
analyzed by FADEC and appropriate safety control measures will be
initiated.

The system will be completely self-checking, on the ground, when
supplied with an external power source. FADEC will be responsible
for recognizing any anomalies and will report (via CRT messages) to
the cockpit propulsion display system. '

10. ADVANCED PITCH CHANGE MECHANISM - EASE OF MAINTENANCE

Modular design is the objective.
Components that require lubrication will be sealed, enclosed units.

- Propfan blade bearings.
- Traction drive fluid, ball-screw actuator lubricant.

- Electric or pneumatic motor bearings.
Consideration will be given to air bearings where practical. "

Links, link bearings or items that wear through fretting, will only
be used where the primary load is in tension.

Maintenance errors elimination is a key objective.

11, ADVANCED PITCH CHANGE MECHANISMS - FRICTION, WEAR POINTS

No piston rings, no seals thus no wear.

All motion will be via antifriction bearings that are designed for
35,000 hours of system operation.
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11.3 Stability of joints will be maintained by accurately machined faces
and lands. All splines will have positive lands that relieve spline
teeth of bending loads.

11.4 Axial fit-up of components will account for thermal environment.

Matched axial and radial expansion/contraction of internal mechanisms
to their casings will be a design objective.

12. ADVANCED PITCH MECHANISMS - FILTERS, DIRT TRAPS

12.1 The design and manufacturing philosophy will use the latest techniques
in the use of assembly clean rooms.

12.2 Because hydraulic systems will not be used, all oil filters are
eliminated.

12.3 Cross contamination of the gearbox and the PCM cannot occur. There
will be no interfaces that can contaminate each other.

12.4 The use of sealed units and the elimination of hydraulic fluids will
eliminate dirt traps in rotating "G" fields.

4.14,1 Description of System

Figure 4.14-1 is a cross section of the final configuration that evolved
from this study. The propeller hub is connected to the gearbox output shaft
by means of a bolted joint incorporating a curvic coupling. A high speed
driveshaft, coupled at the rear to the gas generator low pressure turbine (in
the case of an installation with a concentric gearbox) extends forward along
the centerline of the gearbox output shaft. It is this shaft that transmits
the energy required for pitch change and anti-icing to the propeller. In
addition to the foregoing, the gearbox must support the stationary portion of
the optical slipring required to transmit signals to and from the propeller

assembly.

The demands, or constraiats, that a propeller of this design places upon

the system of which it is a part may be summarized as follows:

° A flanged, hollow drive shaft is required to support and drive the
propeller.
e A hydraulic slipring is required for lubrication of the motor/

generator unit and emergency feather oil supplies.
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) A high speed drive shaft is required to provide the energy to the
propeller pitch change mechanism.

° A support for the stationary portion of the optical slipring is also
required and a control system that provides the necessary optical
signals to the slipring and which will also accept return signals
from the propeller assembly.

A speed increaser, when used, steps up the speed of the high speed drive
shaft to the speed required by an optimized alternator. The speed increaser
drives the alternator, which is the next most forward component, by means of a
hollow shaft. A power cable exits from the rear of the alternator and trans-
fers the generated power to the electronic module which is located at the
extreme front of the propeller assembly. When appropriate, electric power is
returned along this same cable route to the rear of the alternator where it is
carried to the motor via internal conductors. The motor is located immediately
forward of the alternator, and when servicing is required, they are removed

together as an electrical machinery module.

The solid electric motor drive shaft extends rearward through the hollow
alternator shaft and couples with the driven half of the emergency feathering
clutch, The motor shaft also extends forward and drives the sun roller of a
traction drive reduction unit through a torque limiting clutch. During normal
operation control logic prevents the end-of-travel stops from being impacted
at high speed, but the possibility of mis-rigging the system during an overhaul
does exist, and in this situation the stops could be impacted with sufficient
energy to damage portions of the system were it not for the protection

afforded by the torque limiting clutch.

The traction drive provided is a hybrid unit, meaning that a portiom of
the total reduction is performed via contact between smooth rolling elements,
but at the output stage, where the torque is high, it utilizes rollers carry-
ing outboard pinions which drive an output gear. A rotary transducer monitors
rotation of this stage and supplies a signal to the electronic control. This
signal is a function of blade pitch angle, and is used both for display in the

cockpit and for control refinement.
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The output of the traction drive rotates a ball screw assembly. The ball
nut, which is translated axially by screw rotation, carries the forward ends
of links which are connected to crank arms mounted to the inboard ends of the
propeller blade trunnions. By this arrangement, rotation of the ball screw
causes blade rotation about the pitch changing axis. Elastomeric torsional
stops are located at both ends of the ballscrew. The ball nut carries forward
and aft facing tangs which engage the full feather and full reverse stops at
the end of travel and prevent further rotation of the ballscrew in that direc-
tion. The crank arms are positioned on the blade trunnions such that during
forward flight the blade centrifugal twisting moment loads the links in

tension rather than compression and thus they are not subjected to buckling.

4.14.2 Preliminary Designs

The design parameiers used in this study are listed in Table 4.14-1.
These parameters were obtained from Hamilton-Standard who acted as a subcon-
tractor for this task. The loads and forces being presented were appropriate

for a "baseline" propfan with an 800 ft/sec tip speed.

4.14.2.1 Dual Bevel Gear Blade Design

The first design consisted of a blade drive scheme using pinions attached
to each blade root which were driven by a pair of opposing large bevel gears
which rotated about the propeller hub centerline. Figure 4.14-2 is a cross
section of this design. As can be seen from the figure, this configuration
had the motor located at the extreme forward end of the PCM with the elec-
tronic control unit placed in a surrounding annulus. The motor drives rear-
wards into the sun roller of the traction drive. 1In this device the traction
drive has a ratio of 10l:1. The output of the traction drive in turn powers
a star gear reduction gearset. This star gear reduction stage drives the input
of a planetary differential reduction unit which in turn drives the opposing
dual bevel gears in opposite directions. The planetary differential stage is

built into an annulus surrounding the alternator.

Historically many successful propellers have been built where a bevel

gear has driven pinions attached to the blade trunnions. The problem in this

385



Pitch Control Slew Rates

Condition

Normal Control
Synchro-Phasing
Feather

Reverse

Ground Operation
(Engine Inoperative)

Pitch Control Blade Angles

Condition

Feather

Flight Idle (0.3 Mn)
Max Reverse

Min Prop Torque
(Static Conditions)
Emergencies

Pitch Control Torque

Table 4.14~-1. Design Parameters Used For This Study.

Blade Pitch Rate (Deg/Sec)

0-3
0-3
15
15

0-3

Degrees (3/4 Blade Span)

+85°
+39°
_7°

o°
Approx 1° Pelow that when
Condition Occurred

Max Total Blade Twisting Moment at 100%Z RPM =

489,000 in-lbs

Total Blade Twisting Moment on Pitch Lock at 100% RPM =

461,000 in-1lbs

Basic design Requirements
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Max SHP at Prop
Prop RPM
Overall Speed Ratio
1-P Shaft Moment
At 0.2 Mn Climb
At 0.74 Mn Cruise
Shear Load (Up)
At 0.2 Mn Climb
At 0.74 Mn Cruise
Shaft Gyro Moment
At 0.1 Rad/Sec
Prop Thrust
Static Take-Off
0.2 Mn Climb
0.74 Mn Cruise
Ambient Temperature

12,500
1160
7.4:1 (+ 0.1)

172,000 in-1b
68,400 in-1b

2620 1b
2230 1b

35,300 in-1b

19,500 1b
16,000 1b
3,800 1b
-40° F
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instance is that when ten blades (and ten pinions) are used, the pinion diame-
ter must of necessity be significantly smaller in diameter than the bevel
gears. This condition produces a ratio in the final blade drive that is in
the wrong, or speed-increasing direction. This requires that additional
reduction be designed into the stages preceding the final stage. This addi-
tional reduction produces extremely high torque to the input of the speed

increasing stage, which results in robust, heavy, components.

4.14.2.2 Ballscrew Blade Drive

In a successful effort to evade the weight shortcoming of the previously
decribed design, a PCM having blades rotated by links about their pitch
trunnions was designed. These links have their forward ends translated by a
ballscrew/ballnut device which is concentric Qith'the propeller centerline.
Figure 4.14-3 is a cross section of this design. At this stage of development
the PCM still retained the forward motor location and a no-back type of pitch
lock.

Further development of this concept resulted in the final design. The
significant differences between the scheme of Figure 4.14-3 and the final
configuration are the combining of the motor and alternator into a single
module placed at the center of the PCM and the addition of a following pitch

lock mechanism.

4.14.3 Speed Increaser and Emergency Feather Module

Although serving sepérate functions, the speed increaser and emergency
feathering clutch have been combined into one module which is located just to

the rear of the alternator. Figure 4.14-4 is a cross section of this module.

4.14.3.1 Speed Increaser

The speed increaser raises the low pressure turbine speed (rpm) of the
gas generator to the rpm required by an optimized alternator. Some installa-
tions may have this function incorporated as part of the main speed decreasing

gearbox which drives the propeller. The installation shown here is typical
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of installations having concentric main gearboxes mechanism. The speed
increaser is a three branch double reduction reverted arrangement. Lubri-
cation to the speed increaser as well as lubrication to the alternator bear-

ings is supplied by means of a channel in the high speed drive shaft.

As is the case with all the other major components of the pitch change
mechanism, the speed increaser may be removed as a module along with the

emergency feathering mechanism.

4.14.3.2 Emergency Feathering Mechanism

An entirely separate, all-mechanical mechanism is provided to feather the
propeller in an emergency in the event that a prior failure has occurred in
" tie normal pitch conttol'system, which includes normal feathering capability.
This separate, backup system consists of a fluid coupling that serves as a
dump-and-£fill clutch which, when engaged, couples the high speed drive shaft
directly with the traction drive sun roller. The alternator shaft is hollow
and an extension shaft of the motor extends rearward through the alternator

and couples to the driven half of the fluid coupling.

This coupling is filled, when commanded, by means of a second fluid
channel which is independant of the other channel in the high speed drive
shaft used to supply cooling and lube flow to the PCM. The directions of
rotation within the system are chosen such that when the propeller is wind-
milling (or engine driven) in the normal direction of rotation, coupling
of the high speed shaft directly to the motor will drive the ballscrew via
the traction drive in the direction to cause movement to a coarser pitch. As
long as the propeller continues to windmill, the high speed drive shaft will
be driven by the propeller via the main speed decreasing gearbox and alternator
speed increaser. By virtue of this, if the feathering clutch continues to
be engaged, the blades will continuously coarsen their pitch until the system
- comes to rest with the blades fully feathered. Should flight conditions
cause reverse windmilling of the propeller, as long as the clutch is engaged
all rotation within the system will be reversed and the blades will appro-
priately change pitch setting such that the system will again come to rest

fully feathered.
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A means of supplying oil to the emergency feathering channel within the
high speed shaft that is independant of normal operation, and can be activated
from the cockpit, is a requirement. This can be achieved by an electric motor/
pump unit which is integrated with the propfan gearbox, and which draws on a
"reserved" section of the oil tank for its oil supply. 1In this manner it
is entirely analagous to the emergency feather provision of a hydraulic

propeller.

4.14.4 Pitch Lock Mechanism

The two initial schemes shown by Figure 4.14-2 and Figure 4.14-3 utilized
no-back devices for the purposes of pitch locking. Although used sucessfully
in the QCSEE variable pitch turbofan, a similar application here posed four
major problems. They are:

1. By its very nature, the no-back device possesses some lost motion
which is not desirable in a precision positioning device.

2, During continuous synchrophasing operation the device would be
frequently locking and unlocking and therefore would absorb and
dissipate significant energy.

3. To assure complete safety all components downstream of the device
would be required to be prime reliable.

4. The very high centrifugal twisting moments (CTM's) of the propfan

blades demand a very strong mechanism in the pitchlock.

In order to circumvent the above difficulties a different pitchlocking
scheme was decided upon. It is shown by two isometric sketches, Figure 4.14-5
depicting normal operation, and Figure 4.14-6 depicting a lockup situationm.
In Figure 4.14-5 all the arrows indicating direction of movement show motion
in the coarsening pitch direction. Movement in this direction, even if inap-
propriate, does not compromise flight safety as it cannot lead either to a
propeller overspeed or to a high drag condition. Therefore, travel in this
direction is never inhibited by the mechanism. When coarser pitch is com-
manded, the ball screw rotates in the direction of the arrow. The lugs come

into contact, and the large gear is rotated by the ballscrew. This large gear
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Figure 4.14-5. Pitchlock Schematic Normal
Operation.

Figure 4.14-6. Pitchlock Schematic Lock Engaged.
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drives the smaller gear which in turn rotates one of the two locking screws
(the second screw is omitted from the sketch). Because of the proper relation
between gear ratio and thread lead, the pitch lock screw advances to the right
through the ear attached to the ball nut at exactly the same rate that the
ball nut itself moves to the left. Thus, the screw is stationary with respect

to the propeller hub and the pitchlock gap is maintained unchanged.

In an authorized move toward fine pitch, all the directions of motion shown

on Figure 4.14-5 are reversed. The description of operation is as before
with one significant exception. In the move toward coarse pitch the pitchlock
screw was driven by the gears as a result of lug contact. Movement toward
fine pitch requires the lock screw to be driven instead by its motor in order

to maintain lug contact- and avoid pitch lock engangement (gap closure).

Refer to Figure 4.14-6 for a sketch depicting an unauthorized move
toward fine pitch which will result in a system lockup. Being an unauthorized
move, the motor will not cooperate in the move and drive the pitchlock screw.
Without the contribution of Ehe motor the lugs on the ballscrew and large gear
will come out of contact which results in rotation of the ballscrew without
any corresponding movement of the gear. Since neither the gear or the motor
is driving the lockscrew, it will remain stationary. As a result, when the
ballscrew nut moves to the right, it will carry the nonrotating lockscrew
along with it. After very little movement, corresponding to less than a
degree of blade pitch angle change, the locking gap will close, preventing
further movement of the system by precluding further movement to the right of
the ballscrew nut. Figure 4.14-7 is a section through the propeller hub in
the plane of the large gear showing the relationship of the parﬁs as they

are Intended to be.

4,14.5 Optical Slipring

The position of the optical slipring relative to other components of the
pitch control system is shown by Figure 4.14-1. The ring is located in the
plane of the propeller drive flange. In the upper portion of Figure 4.14-1
one set of the triply-redundant opical fiber bundles can be seen leading from

the gearbox exterior surface to the stationary inner part of the ring and from
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the rotating outer portion of the ring to the propeller hub. 1In the lower
part of the same figure the tube can be seen that supplies warm, filtered

purge air from the engine to the slipring. This air prevents condensation
within the ring and protects the interior reflective surfaces from contami-

nation by the environment in the area of the slipring.

Figure 4.14-8 shows a cross section of the slipring. The labyrinth seals
which contain the purge air are clearly visible as are the cylindrical reflec-
tive surfaces and the counterbores for the fiber bundles and lenses. The
operation of the ring is best understood by referring to Figure 4.14-9 which
schematically shows how the reflective patterns cross the rotating boundary.
The light signal is injected at an angle through a hole in one cylindrical
reflective surface and it is repeatedly reflected until it exits through
a similarly angled hoie in the opposite reflective surface. Figure 4.14-10
schematically represents a slipring cross section showing the three pairs
of transmitter and receiver ports on the inner (stationary) ring and the
four pairs of ports on the outer (rotating) ring. By an examination of the
figure it can be seen that for any relative angular position of outer ring
to inner ring there are always three channels in communication. This situa-
tion prevails both for transmission radially outward (sending signals to
the propeller) and transmission radially inward (receiving signals from

the propeller).

There is a modulation loss in the slipring which is a function of the
reflection pattern. This pattern is in turn a function of the geometry of
the slipring and the aperture of the light source. Figure 4.14-11 shows
three examples of reflection patterns. The ratio x/d (spot spacing to spot
diameter) is referred to as the lateral offset ratio. Figure 4.14-12 is a

curve of modulation loss versus lateral offset ratio.

A further loss exists in the ring that is a function of the number of
reflections required before the signal passes through the ring. This is a
function of the circumferential length between the launching, or source port
and the exit, or receiver port. This length depends on the angular position
of the rotating portion of the slipring. Figure 4.14-13 is a plot showing the

loss versus angle for all three active channels for a slipring of assumed

dimensions.

396




44 mm

4mm re==-=—=17 Outer
: = : 3 g Ring

12mm

Transmitter—___
A
/,'
- 1
AR A A R &
AN AN ARYANNA! I\ ASASANY.
’I\I\/\I\I\\ll\ll\\ll\/\I\\ll\\ll
/
SV VYV VY VY
:II/ i
/

Receptor
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T = Transmitter
R = Receptor

Figure 4.14-10. On-Axis View of Slipring.
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Some deterioration of the slipring with time may be expected principally
due to deposits on the reflective surfaces and lenses. Several features have
been incorporated to successfully cope with this treand. Condition monitoring
can be used to track the rate of deterioration. A signal of known strength is
launched into the fiberoptic bundle and the perceived strength of this signal
as seen by the electronic control is reported back as health information. A
comparison is made and the data is stored for trending purposes. A projection

can be made as to when corrective action should be taken.

As mentioned previously, the ring is pressurized with warm, filtered
engine bleed air. This prevents condensation and infiltration of air which

may be laden with contaminants.

The ring is also equipped with washout ports that permit the ring to be
flushed with an agent to enable it to be cleaned without diassembly or
removals. Lastly, the ring is constructed of three segments, which permit

easy ring removal and replacement without disturbing the propeller.

Performance estimates of the optical slipring are given by Tables 4.14-2
and 4.14-3.

4.14.6 Traction Drive Module

The reduction unit chosen for the pitch change mechanism is a traction
drive device which has multiple rows of smooth rollers in contact which
transfer the power to adjacent rollers utilizing friction, or elastohydro-
dynamic traction as it is more properly termed. The benefits of the traction

drive that especially suit it to this application are:
° High reduction ratio in a single unit

- 101:1 ratio for the dual bevel PCM design
- 210:1 ratio for the ballscrew PCM design

° Axially compact

° High efficiency for the ratio--947%

) Ability to run with marginal grease lubrication
°® Very high torsional stiffness
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Table 4.14-2.

Performance Estimate.

Expected Worse Case
©® System Losses
- Source-to-Fiber 294 db -35 db
- Connectors (2) <20 db -3.0 db
- Optical Fiber Link (2) -0.02db -0.03db
- Lens (2) 24 db -3.0 db
- Photodiode Coupling 0.1 db -0.2 db
- Optical Slip Ring -10 db <15 db
- Misalignment in Slip Ring -3 db 5 db
- Total System Loss -20.46 db -29.73 db
® Source Output (Pjy) 24 MW 2.0 MW
® Detector Responsivity (R) 0.5 /W 0.45 A/W
® Detector Dark Current (Ig) 1nA " 20nA
Table 4.14-3. Performance Estimate.
System Loss = 10 Log (P in/P out) 1)
Signal Current = Ig = PoyutR (2)
Signal-to-Noise = SNR = 10 Log (Is/In) )
Expected Worst Case
System Loss 20.46 db 29.73 db
Pin 24 MN 2.0 MN
R 0.5 A/W 0.45 A/W
I 1nA 1nA
Pout (From 1) 21.8 4W 2.1 uW
1y (From 2) 10.8 uA 0.95 uA
SNR (From 3) 40.3db 16.8 db
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. Zero backlash

° High ratio of output torque to weight
. Low torque ripple

° Clean room, sealed; assembly

The creep, which represents about a 2% speed loss at full torque, asso-
ciated with traction drives is not a problem in this application and it does
not degrade the system performance in any way. The 210:1 ratio drive is
termed a hybrid traction drive as it combines gears with rollers as it has
geared pinions driving an output gear in the final stage. Figure 4.14-14
shows an end view of the hybrid unit and Figure 4.14-15 shows a cross section.
This unit is constructed as a module, and as such it can be removed virtually

intact from the PCM assembly.

4,14.7 Electrical Machinery

4.14.7.1 Motor Design

Table 4.14-4 shows the choices, and characteristics of each choice, con-
sidered for types of motors and generators. The one selected for this study
was the permanent magnet synchronous design because its advantages make it
particularly well suited to this application and because the technology is

well developed. Figure 4.14-16 shows a cross section of this type of machine.

Another very attractive motor type is the switched reluctance motor, a
cross section of which is shown by Figure 4.14-17. Table 4.14-5 shows some of

the recent advances that make AC drives more competitive with other systems.

Table 4.14-6 lists some of the factors affecting motor design. Table
4.14-7 lists the variables of motor scaling and gives the characteristics of
the motor selected for the PCM application. Note that at the time the
mechanical drive for the PCM was designed the optimum motor was thought to be
a 20,000 rpm-design and so the gear ratios were selected accordingly. Further
efforts at optimizing the motor design produced the 40,000 rpm machine, which
is smaller, lighter, and less costly. Although a new drive design was not

made, a study indicated that the system would be more attractive with the
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Figure 4.14-14., Traction Drive Arrangement for 210:1 Ratio.

403



Retaining Rings

e e BallSCTEW
95 rpm Max-

|,—— Outer Row Rollers

and Pinlons (5)

.__—— First Row Rollers (5) .

; input Sun‘Roller

| ——

me@ency Feather
Ll | _———— Second Row Rollers (5)

z Grease Retainers

Roller Carrier
Frame

Figure 4.14-15. Traction Drive Arrangement for 210:1 Ratio.

404




Table &4.14-4. APET PCM-Motor/Generator Choices.

(Only Brushless Machines Considered)

Motor
¢ |nduction
- Standard Technology
- Complex Control

® PM Synchronous
- High Efficiency
- Simplified Control
- Wide Speed Range
- High Power Factor

o Swilched Reluctance
- Low Cost
- No Magnetls or Rotor Conductors
- Reliabitity
e Cooling
e Insulation
- Wide Speed Range
- No Temperature Effects
- Fewest Power Semiconductors (3 Instead of 6)
- Well Suited for DC Power Supply
Generator
* PM
- Short-Circuit Protection With Co-Sm
- High Power Density

e [nduction Alternator — Not Recommended
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Figure 4.14-17. Basic Switched Reluctance Motor.

Table 4.14-5. Recent Technological Advances Important for AC Drives.

Advance

Reason for Its Importance

1. invention of Insulated Gate Transistors

2. Increased Avallablity of Gate Tum-Off Thyristor

3. Discovery of Neodymium iron Permanent Magnet

Material

4. Development of Switched Reluctance Motor

5. VLSI and Advanced Microcontrollers

6. Avsilabliity of Higher-Power Bipolar Transistors
and MOSFET's

Reduction in Parts Count and Overall Simplification of
Gate or Base Drive Circuils for High Power
Semiconductor devices

Reduction in Parts Count and Overail Simplification of
tnverter Circuits; Elimination of Auxitiary Circuits for Forced
Commutation.

May Lead to the Feasibility of High Power Surface-
Magnet Motors Having Low Inverter kVA Requirement; Also to
Low-Cost, High-Performance Interior-Magnet PM Motors.

Completely New Motor/Converter System With Potential for
High Etficiency, Small inverter Size and Low Cost. SR System
and is Derivatives Have a Wide Range of Potential
Applications.

Permit Sophisticated Control Systems to be Implemented at
Low Unit Cost; Possibly Enabling a Wider Use of Advanced
Control Concepts Including Adaptive Algorithms. Also to
Permit the Development of improved Feedback and Sensing
of Motor Parameters.

Increases the Range of Applicability of Pulse-Width
Modulation Techniques for Induction Motor Drives: Facilitates
the Rapid Develop t of Technology for PM and SR Drive
Systems.

.

407



Table 4.14-6. Motor Design.

e Maximum Motor Speed (rpm) is Determined by:
- Maximum Switching Frequency (Less Than 300 Hz)
- lron Losses (Start to Reduce Flux Density Around 3000 Hz)
- Maximum Bearing Speed (DN) (Good Bearing Fundamentals)
- Rotor Stresses (140,000 psi Maximum)
- Rotor Dynamics (System Response Concerns)
® Permanent Magnet Motor (Evaluated In Most Detail)

® Motor Rating Can Be Influenced by Inverter Selection

- Force Commutated Inverter Allows Motor Operation at Its Lowest Possible
Rating

- Also Requries Less Magnetic Material Than a Load Commuatated Inverter
- Both 4-Pole and 2-Pole Designs Can Meet Design Criteria.

- Operating The Motor at Constant Power Over a Wide Speed Range
(Mandates a Force Commutated Inverter)

o Switched Reluctance Motor (Merits Further Evaluation)
- Half The Number of Power Semiconductor Devices
- No Magnets or Rotor Winding
- Simple Torque Control

Table 4.14-7. Motor Scaling.

e Variables Are: Speed (rpm)—Range From 20,000 to 60,000 rpm (60,000 rpm was
dropped—Inconsistent With Stress Limits for the Diameters That are Practical)

- Number of Poles — Range From 6 Poles to 2 Poles Was Evaluated
® Motor Selected Is a 6-Pole Design @ 40,000 rpm

- Rated Power 24 KVA

- Stator Diameter 4.36 Inches
- Stack Length 1.84 Inches
- Frame Diameter 4.76 Inches
- Motor Length 4.58 Inches
- El. Mag. Weight 8.70 ibs.

- Motor Weight 10.50 Ibs.
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higher speed motor as the drive could accommodate the additional ratio with-
out much penalty. All the figures of the PCM show the envelope of the larger

electrical machinery.

4.14.7.2 Generator Design

The selected generator was scaled from an existing machine. Table 4.14-8
gives the characteristics of this larger, parent machine. Table 4.14-9 shows
the scaling factors and gives the characteristics of the generator selected
for the advanced PCM. Again the speed increaser was designed when a 20,000
rpm generator was thought to be optimum but further work indicated the 30,000
rpm machine was to be preferred. This higher speed machine would produce a
more desirable PCM as the speed increaser can also accommodate the higher

ratio with little penalty.

4.14.8 Controls

Figure 4.14-18 shows a control schematic for the all-electric PCM. The
schematic as drawn is designed to be illustrative rather than depict actual
intended hardware, as, for example, the schematic shows a DC link whereas the
power conversion would more likely be handled by a cycloconverter type of

device,

As can be seen from the figure, there is two-way communication across the
optical slipring. The blade angle resolver produces blade angle information
which is transmitted back to the stationary propulsion system FADEC for ulti-
mate cockpit display. Health data for condition monitoring and trending is
also transmitted in this same direction. All other information is transmitted

to the rotating assembly for normal or emergency operation of the propeller or

for checkout.

One very important benefit of this type of PCM is its capability of con-
tinued near-normal operation in the event of a propeller control failure or of
communication failure. The in-hub speed sensor is continually looking rear-
wards across the rotating boundary at the stationary portion of the system

and is therefore capable of supplying a signal proportional to propeller speed
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Table 4.14-8. Generator Design.

e A Base Machine For Scaling Was Selected From An Existing PM-Generator For a 60
kVA VSCF System

® Characteristics ' .
- System Rating of 60 kVA in the Generator Speed Range of 15-30,000 rpm

- Electro Magnetic Dimensions for Generator

e Rotor OD 5.0 Inches
e Stator OD 6.05 Inches
o Stack Length 4.75 Inches

- Electrical Rating of Generator (9 Phase)
e 59A @ 155V and 0.76 PF (Continuous)
e 110A @ 145V and 0.72 PF (For 5 Seconds)
- The Continuous Generator Rating Amounts to 82.3 kVA
VSCF = Variable Speed, Constant Frequency

OD = Outside Diameter
PF = Power Factor

Table 4.14-9. Generator Scaling.

¢ Considerations:
- rpm (Range From 15 to 30,000)
Rotor Dimensions — Stack Length, Shrink Ring
Number of Poles — 8 to 6
Frequency — 750 Hz to 1500 Hz
Weight of Electromagnetics
- Total Weight
@ Pole Number is Selected by Pole Pitch for Manufacturing Reasons
@ Resulting Frequencies Also Influence Rectifier/Inverter Design
® The 30,000 rpm Machine is shorter at the same diameter
® The Bearing System Has Been Built and Demonstrated

¢ The Selected Generator (Force Commutated Inverter)
Rating 25 kVA @ 0.922 PF, 30,000 rpm, 1500 Hz

¢ Dimensions

®
®

- Frame Diameter 4.76 Inches (Same as Motor)
- Frame Length 5.09 Inches
- Total Weight 13.1 Ibs.
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to the rotating logic unit. In the event of a stationary control or communi-
cation failure, the cessation of proper signals to the rotating logic unit
would be sufficient to cause the system to revert to a backup or default mode
of operation. 1In this backup mode the signal from the in-hub sensor would be
compared to that of a preprogrammed desired constant propeller speed and the
speed or error would be used to adjust blade pitch to cancel the error. Syn-
chrophasing might be lost but, if so, it could be re-established by assign-
ing the engine operating in the backup mode as the master and permitting the

engine with normal operation to assume the slave role.

4,14.9 Lubrication and Cooling

The electronic control module, located at the extreme forward end of
the propeller assembly, is air cooled. An inlet is provided in the tip of
the spinner to capture ram air. This air is ducted to the control module and
provides the necessary cooling. Air egress passages are provided in the
large diameter portion of the spinner shell. Because of the exit holes being
located at a large radius and the entrance being on the centerline, the rota-

tion of the propeller aids in pumping cooling airflow.

The alternator rotates continuously at high speed and therefore its bear-
ings are provided with pressurized oil which is supplied through a channel in
the high speed drive shaft. This same o0il is used to lubricate the speed
increaser and bearings in the emergency feathering mechanism. In addition this
oil is used for cooling both the motor and alternator. Suitable channels are
supplied for cooling purposes in both the motor and alternator structures. No
separate system is provided for the scavenging of this lubricating and cooling
flow as the used oil is spilled into the bore of the gearbox output shaft and,

ultimately, this oil joins the main gearbox lubricant, and is scavenged by the

gearbox system.

4.14.10 Efficiency and Heat Rejection

4.14.10.1 Mechanical Efficiency

The traction drive as used in the final design (210:1 ratio) has an esti-

mated efficiency of 94%. The efficiency of the entire drive system downstream
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of the motor, including the traction drive and the ballscrew and links, is
over 90%.

4.14.10.2 Electrical Efficiency

Figure 4.14-19 shows the full power efficiency, losses, and how the losses
vary with current and voltage of the motor, alternator, and inverter. In sum-
mary, at full load 33.1 hp enter the alternator and 26.4 hp is produced by the

motor.

It should be noted that the motor in this installation has a very unusual
duty cycle for an electric machine. During synchrophasing operation, which
represents the majority of the mission time, the motor is essentially oper-
ating stalled at near full torque as it is moving only a few revolutions, or
fractions of a revolution, as necessary to achieve synchrophasing. This does
not represent a problem for a properly designed machine as the losses at this
condition are less than the full power losses. What is demanded is a motor
cooling scheme that is independent of motor speed, as is provided here with

oil cooling for both the motor and alternator.

The propeller having the master role in synchrophasing would have much
less activity than the slave propeller as the master system has only the job
of modulating blade pitch to run constant speed, a much less demanding task

than matching blade phase with the master.

4.14.11 Failure Modes and Effects

A very important attribute of this advanced PCM is its ability to produce
useable, controllable thrust in the event of a single serious failure, or even
in the event of combinations of failures. Most competing systems would require
that the affected propulsion system be shut down and the propeller feathered
in the event of similar failures. Tables 4.14-10 and 4.14-11 lists possible

failures and their effects on operation.

413



414

1.1KW

10% of Losses Constant
10% Vary With E
80% Vary With |
1.7KW r———'{}\
30% of Losses Constant 2.2 KW

70% Vary With 2 I ;"’,",’;: Losses V/ar< With 12

Motor
Alternator n+9%0%

19.7 KW
(33.1HP) (26.4 HP)

Figure 4.14-19. Full Power Losses.
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4.14.12 Reliability, Cost, and Weight

Table 4.14-12 compares the advanced electric PCM with a current hydraulic

system. The first generation advanced electric system is very competitive in

all areas except acquisition cost.

advantage of the electric system as the enabling technology in motors, con-

The situation here may soon change to the

trols, power switching devices, and optics is progressing at a very rapid rate

and significant reductions in cost of components utilizing these technologies

may be expected.

Table 4.14-12. Propfan Summary.

Pitch Control Technology
Current Advanced
@ Reliability
- MTBUR, Propfan Assembly 18,400 18,800
(Chargeable) — Hours
- Mean Time Between All 2,700 3,580
Maintenance Actions
(All Causes) — Hours
® Maintenance Cost Base -11%
@ Acquisition Cost Base +10%
® Weight Base ~5%

Base Is Defined as the Offset Gearbox System Presented In the GE APET Contract
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4.15 RECOMMENDATIONS FOR TASK VII AND VIII

Some preliminary recommendations for the gearbox development effort have
already been included in 4.12.11 and now need amplification. The Pitch Change
Mechanism (PCM) of Task VIII has not yet been covered and is therefore fully

described in this section.

4,15.1 Advanced Propfan Gearbox

Subsequent to the recommendations in 4.12.11, the design effort to take
the gearbox from a "conceptual current technology standard to a "preliminary"
design standard for the early 1990's time period has resulted in some notable
changes although the basic concept of an "in-line" star configuration has not

been superseded.
Noteworthy changes include:
° A four star layout versus a three star has been selected.

) A fabricated titanium housing rather than one cast in aluminum alloy
is now proposed.

° The integration of all gearbox "services'" into the basic design
layout has been accomplished.

. More attention to modularity has been paid.

) A thermally controlled lubrication supply, whereby oil flow is
metered as a function of torque applied is the selected system
concept.

) More detailed efforts in system integration with both the propfan,

its pitch change mechanism, and the design of the enclosing nacelle.

A number of the component elements already given in 4.12.11 need not be
repeated for this amplified program definition, and these elements still apply

to the gearbox designed in Task VII.

The emergence of through and case-hardened M50 NIL material for toughness
in antifriction bearing applications would indicate that some additional mate-

rials should be investigated for the power gearsets. First by Ryder type gear

S . . aaT A mTTr AT oYY w e
PRECEDIMNG PANT DLANK NCT TURTED

PRECELINT DiAMA

421
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tests and second in some existing power gear setup. It is definitely recom-

mended that the M50 NIL material be critically evaluated for possible use in

aerospace gearing.

Improvements that are being constantly made in both Finite Element and
Dynamic Modeling suggest that some significant efforts, using these modern
tools, should be made to theoretically compare with the empirical results from
test rigs. The effects of friction and wear must also be countered using the
best data available from the tribological experts - particularly where
elevated gear blank temperatures, modulated lubrication flow, a more advanced
lubricant chemistry with additives, are all to be explored in both component

and full-scale test programs.

Also considered important, but not a part of the recommendations for the
in-line gearbox, 1s the development of a technology data base for conformal
gears. This type of gearing is strongly recommended for a high-stage-ratio,
single gearset, for a 12,500 SHP gearbox with offset geometry. If airplane
layouts of single row propfans are better served with propulsion systems using
offset gear arrangements, then the technology inherent in conformal gearing

could play a dominant part in the overall picture.

The program elements for the in-line gearbox development are included as
Table 4.15-1. These are further broken down in Table 4.15-2 which defines the

tasks for mechanical design and system analysis.

Table 4.15-3 describes the hardware required for the test programs and
Table 4.15-4 indicates the technical areas which would most probably require

some outside vendor support.

Tables 4.15-5 and 4.15-6 indicate the component and full-scale tests re-

quired, while Figure 4.15-1 gives the program overall schedule.

4.15.2 Pitch Change Mechanism

A 3-year technology program has been laid out which would accomplish

NASA's primary objective of establishing a solid foundation for an advanced
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Table 4.15-1. Program Elements.

Mechanical Design

System Analyses

- Stress/Deflections

- Vibration

- Lubrication

- Finite Element Modeling
Procure hardware

Outside Contractors Coordination

Bearing and Gear Component Tests

Full-Scale Back-to-Back Rig Test

Table 4.15-2. Mechanical Design and

System Analyses.

Program Elements

Select Design Configuration

Prepare Detail Drawings

Analysis - Stress, Finite Element
Qutside Vendor Coordination

Engineering Coverage During Manufacture
Component Test Coverage

Full-Scale Test Coverage

Documentation
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Table 4.15-3, Hardware Requirements,

3 Complete Gearbox Assemblies Plus Spares - Gears,
Shafts Bearings.

Bearings and Gears for Component Tests (3 or &4 Gearsets

with Modified Profiles).

Table 4.15-4. Outside Vendor Participagion.

Mounts Design and Analysis

Mounts Hardware

Input Driveshaft, Couplings, Torque Tube
Condition Monitoring Instrumentation
Test Rig Instrumentation

Table 4.15-5. Bearing and Gear Component Tests.

. *
° Bearings

Planet/Star or Idler Bearings

Include Gear Mesh Separating Load Effects
Equivalent Loading

Determine Stability at Various Cooling Rates
Determine Heat Rejection Versus Load
Endurance Test

Single Mesh Testing

Scale Size of Test Gears (To Be Determined)
Determine Scoring Characteristics (Materials)
Determine Heat Rejection Versus Load

Load Endurance

*Assumes a Single Lubricant Has Been Selected.




Table 4,15-6. Full-Scale Back-to-Back Rig Test.

' New 4 Square Rig Facility

) Minimum Testing Required

Four Test Sequences

Inspections at Initial Assembly/Teardown

Intermediate Inspections as Required by the Test Plan
Initial Checkout

"Test Plan" testing (4-500 Hours)

Torque Testing Only

Measured Delections

) Addition of Prop Load Testing is a Program Option

First Year Second Year

Preliminary
Design

Analysis

Detail Drawing
Procure Hardware

Outside Vendor
Contracts

Component Tests
Back-to-Back
Tests
Rig Design and
Procurement

Test Plan
Testing

Figure 4.15-1. Overall Timing and Key Milestones.
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electromechanical PCM controlled by a fiberoptic, digitally encoded, data
link. The program includes 2 years of design and manufacturing effort on the
intrinsic components and modules with a further l-year effort to complete both
static and dynamic tests. It is emphasized that the program is strictly
geared to the generation of a technology base in that no propfan blade activi-
ties are warranted or included in the plan although, of necessity, a prototype

of a flight-type propfan hub would be required.

There are a number of module units which can be developed independent of
each other and subjected to appropriate component tests prior to being
assembled into a complete hub mechanism. Also, in parallel with this activity
there can be ongoing efforts to design and manufacture the hardware and slave
drives that will be needed during the 3rd year's tasks. i.e., complete system

checkout.

Figure 4.15-2 is an overview of the PCM development recommendations.

Basically, what is foreseen, are requirements in three main areas:

' Mechanisms
° Electrical (and electro-optical)
] Specialized test rigs.

Figure 4.15-3 shows a 3-phase program for the required fiberoptic technology.
Note that Phase 1 concentrates on the problems that must be solved in the
successful execution of the design and development of the low noise, optical
slipring. Phase 2 contribuﬁes a laboratory prototype for bench testing and
Phase 3 contributes a "developed" laboratory prototype which can be used in

the ensuing full-scale rig program.

Figure 4.15-4 describes the efforts needed to add an optical data link
for an engine FADEC unit. Note that the converted FADEC is both a transmitter
and receiver of optical data. These efforts culminate with a "brassboard"
test of an existing FADEC suitably modified for the optical role. This unit

would also play a part in the ensuing full-scale rig program.

Figure 4.15-5 represents the key item development for the electrical
machinery. Both the motor and the alternator are to be designed and manufac-

tured together with a compatible control system. Like the previous technology
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® Mechanisms
- Clutch and Speed Increaser, Input Shaft, Module
- = Traction Drive, 210 to 1 Stage Ratio, Module

- Duplicate Ball Nut* and Ball Screw, Recirculating Type,
Module

= Torque Limiter, Pitch Locks, Modules
- Pitch Links, Individually Balanced and Replaceable
® Electrical '
- Motor and Generator, Oil Cooled, 30-40,000 rpm, Modules
- Servomotor for Pitch Locks, Module
- Alternator, Power Conditioning, Module **
- FADEC Signal Generating, Electronic Optic, Module
- Optical Slipring, With Purge System, Module
- Ground Operating, Power Supply, Module

® All the Above to be Rig Tested, Individually, and as an Assembly
With Fullscale Loading

* Redundant 2 Track'Design
** Includes Optic to Electronic Converter. Is Air Cooled

'Figure 4.,15-2. Development Plans and Recommendations - PCM.
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3 Phases
® Phase 1

- Mirror Surfaces, Select Matenals, Evaluate by Test
- Select Components for Data Link, Evaluate by Test
- Select Data Transmission Protocols, Including Redundancy
- Verify Signal-to-Noise Ratio
- Verify Operation in Adverse Conditions (Contamination)
® Phase 2

- Design, Manufacture, Test a Laboratory Prototype System
Including an Optical Slip Ring

® Phase 3
- Design, Manufacture, Test a Developed Laboratory
Prototype Years

0 Quarters 1 Quarters 2

Y777/
\\\\\\\

'I'Ime Table

Figure 4.15-3. Turboprop Pitch Change Mechanism Fiberoptic Technology
Program,
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Program Objectives

1) ® Define a FADEC That Controls Both the Shaft
Engine and the Propeller With Fiberoptic Data
Links

2) @ Define the Converters — Electronic to Fiberoptic
and Vice Versa (FADEC Both Transmits and
Receives Fiberoptic Data)

3) ® Determine Communication Logic — Pulse
Width Modulation Versus Frequency
Modulation

4) ® Test a Brassboard System Based on Modifying
an Existing FADEC Unit

First Year - Second Year

has //5“7/// C

Modity
rapec| Jest,

Figure 4.15-4. FADEC Technology Program.
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1) e Select Motor Type and Generator Type (Trade Studies)

2) e Select and P.D. Control Circuits (Trade Studies)

3) e Design Electric Machinery and Control Module

4) e Assemble Breadboard Control and Test (Inc. Heat Rejection)
5) e Manufacture Machinery and Brassboard Control

6) @ Test Machinery and Control

7) ¢ Participate in Fullscale PCM Testing, Modify as Required
Years

mllllllllllllllllllllll

Y
Y27

SIS
////////

MANNN

~N O s W
[

Figure 4.15-5. Turboprop Pitch Change Mechanism Electric Motor/Generator

430

Technolo gy Program.



items, the electrical machinery is first tested as a modular set of components

before being committed to the test program on the full-scale rig.

Figure 4.15-6 delineates all the necessary steps that must be taken to
design, manufacture, and component test a traction drive with a 210:1 reduc-
tion ratio. Similarly to the other modules it also finds its way eventually

to the full-scale rig test program.

Figure 4.15-7 outlines the necessary hardware that must be designed,
manufactured, and supplied by Hamilton-Standard in support of the full-scale
test rig. Naturally, these major components must be integrated in form and
function with the remainder of the modules which are also highlighted in this

figure.

Figure 4.15-8 addresses the design and manufacture of a specialized test
stand which will be required to provide the drive and loading in the full-
scale rig. Figure 4.15-9 summarizes the total effort required from full-scale

rig testing which is estimated to require about a l-year effort.

Costs for implementation of the total PCM program have been provided to

NASA under separate cover.
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Milestones

Year 1

Year 2

Year3

Year 4

JFMAMJ JASOND

JFMAMJJASOND

J FMAMJ JASOND}J FMAMJ JASOND

© Final Design

- Preliminary Design
Data and Review

= Detail Analysis
and Layout

= Detall Design
- Checking

® Fabrication

- Critical Materisl
Purchase

- Fab. of Rollers

- Fab. of Gears

- Fab. of Structures

- Assembly of Test
Units

o Test

= No-Load Runs

- Max. Torque Runs

- Gear Development

- Grease Lubrication
Development

- Torque Reversals

- 200 Hour Cycling
Test

- Teardown Inspections

- Test Data Summary

-

I
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Figure 4,15-6,

Traction Drive Module Program.




Mllos!onn.

Year 1

Year 2

Year3

Year 4

J FMAMJJASOND

) FMAMJ JASOND

FMAMJ JASOND

JFMAMJJASOND]

¢ Module Units

- Hub and Blade
Assembly

- BallScrew/Nut
Assembly )

- Motor/Alt.
Assembly

- Electronic Controls

- Traction Drive
Assembly ’

- Bilade Roots and Links

- Fiber Optic Slipring

- Pitchiock Mechanism

- Pitchiock Motor and
Controls

¢ Speed increase and
Feather Unit
- Shatlting and Structures

- Lube and Cooling
System

Hamilton Standard

Hamilton Standard

Hamilton Standard

Figure 4.15-7.

Turboprop Pitch Control Technology Program.
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Year 1 Year 2 Year 3 Year 4
JFMAMJJASONDY FMAMJ JASONDU FMAMJ JASONDUY FMAMJ JASONDO

o Test Cell

- Test Stand
Construction

- Loading and Absorb.
Motors

- Instrumentation

- Extemnal Lube System : SE——

- Blade Loading
Actustors

- Hub Rotation
Drive

Figure 4.15-8. Turboprop Pitch Control Technology Program.
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Milestones

Year 1

Year 2

Year 3

Year 4

J FMAMJ JASOND

[VFMAMJ JASOND|J FMAMJ JASOND

| FMAMJJASOND

® Test Program

= Checkout, No
Rotation

= Lube and Cooling
Flows .

« No-Load Fwd/Rev
Cycles

« Pitch Lock
Checkout

- Emergency Feather
Checkout

- Static Load
Test .

- 200 Hr. Dynamic
Cycles at s, A,
¥ and Max Torque

- Static Overioad Test

- Teardown Inspections
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Figure 4.15-9.

Turboprop Pitch Control Technology Program.
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5.0 CONCLUSIONS

The General Electric findings from the APET study are positive; the fuel
burns of the APET airplanes have been quantitied between 300 and 1000 N.Mi
ranges with payload factors of 100Z and 65Z. Great care was taken throughout
the study to ensure that consistent airplane and engine technology was used
when making comparisons between turbofan and turboprop powered airplanes
for the 1990's. The various steés, or levels, of enabling technology have
been identified to project current technology gas turbine-powered airplanes
into the next decade. Both the fuel burn results and the DOC results show
sufficient improvement to warrent continued efforts on the high-speed turbo-
prop. NASA has been supplied with the necessary propulsion system technology
program plans required to demonstrate the component improvements that are

needed.

The propulsion configurations and performance results of this study have
not yet been critically reviewed by the airframe and the airline industry.
General Electric recommends that NASA contracts with these industries to con-
firm these results. GE believes that the APET Contract effort should be con-
tinued with the objective of providing another, and more detailed, study of
some of the critical technology components. These components, which have been
identified within this study's recommendations section, require commitment of
major financial and developmental resources to accomplish the objective per-

formance.

The computer generated engine performance decks and the scaling laws for
propulsion weights and dimensions need exercising in airframe study programs.

These computer decks are fully described in Appendix III.

Aircraft/engine integration is a major problem for any new propulsion
system and the high-speed turbopropfan falls directly into this category.
Substantial Government resources and programs are considered necessary for
the eventual successful development of the airplane and matching propulsion
system. Apart from the basic aerodynamic development, required through wind
tunnel test programs to ensure a low-drag installation at cruise speeds,

other aero programs are required. Areas requiring more work are low speed
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handling, high lift configurations, engine out and other asymmetric flight
conditions, basic stability and control derivatives, thrust-matching studies,
nacelle placement studies, and more detailed investigations into acoustic and

vibration environments.

Finally, General Electric would welcome the opportunity to continue the
APET investigations. For propulsion prime areas we would propose solo
efforts. For all subjects that require airframe/engine integration it is
recommended that the airframe companies should have the prime contracts and
that propulsion companies should be subcontracted. In both areas, Government
funding support with continued development efforts also occurring in parallel

is recommended to make the full scale propfan a success.

The advantages of counterrotating propfan systems must also be system-
atically examined for both tractor and pusher configurations. New technol-
ogies in gearboxes, pitch change mechanisms, exhaust system designs and con-
trols techniques, should be pursued and integrated into practical nacelles
and airplane configurations. Both military and commercial applications
should be considered. The APET study is supplying NASA and the airframe
industry with a solid technical base, and future efforts are confidently
expected to define the advanced propulsion systems required by a new subsonic

generation of airplanes.
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APPENDIX I

I.1 INTRODUCTION

Heat exchanger system losses include inlet spillage drag, inlet recovery,
heat exchanger total pressure loss, exhaust duct total pressure loss, nozzle
exit velocity coefficient, external pod drag, and incremental external drag
due to nozzle deflection. The heat exchanger core total preséure loss was
supplied by the Hughes-Treitler Manufacturing Corporation and has been used

exclusively.

1.2 BASIC DRAG AND LOSS ELEMENTS

Exhaust duct total pressure loss has been calculated using duct condi-
tions at the heat exchanger exit and the duct geometry in a pressure loss com-
puter program. Total pressure losses varied from 0.126% APT/PT at takeoff
conditions to 1.111%Z APT/PT at cruise conditions. An appropriate model was

defined for the engine cycle deck.

The.heat exchanger basic external drag includes three items: pod pres-
sure drag, pod sidewall friction drag and corner losses. (The pod bottom
external friction drag is assumed equal to that part of the engine nacelle
covered by the pod and therefore is included in the engine nacelle external
drag.) A value of 20% of the total friction drag was used to approximate the
pod pressure drag. Sidewall areas amounted to 11X of the total pod wetted
area and, therefore, 112 of the total friction drag; and corner losses were
assumed to be eqﬁal to 5% of the total friction drag. Therefore, the external

pod drag was assumed equivalent to 36X of the external pod friction drag. The

external friction drag was computed using the propeller hub discharge flow con-

ditions and the incompressible friction coefficient, Cfi = 0.455/(logyp Re)2.58,

and the ratio of compressible to incompressible friction coefficients,

c /c -0.467
feomp fincomp )

- (1 41‘;—1’412)
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The results of the calculations gave an external drag coefficient, Cp, of
0.012 based on a frontal area of 294 in.2. This Cp appears consistent with
the Cp values of similar bodies contained in Reference 26 (Hoerner) when the
total friction drag is included. Based on this Cp and reference area, the

expression for the basic pod drag was D = 2.4696 PyM2.

1.3 VARIABLE GEOMETRY EXHAUST NOZZLE

At flight conditions other than cruise, the nozzle area must be increased
to meet the requirements of the heat exchanger with the maximum area being
required at takeoff conditions. The exit area is increased by rotating the
duct outer wall out into the external flow theréby increasing the drag. The
opened nozzle will appear as a ramp but at a larger angle, approximately 19°
instead of 5.25°, with respect to the local flow field. Adjusting for this
difference in angles by assuming a linear relation between Cp and the ramp
angle gives a Cp of 0.064. Both the Cp value and the additional frontal area
due to nozzle deflection were assumed to vary with nozzle exit area by the

ratio of (Aexit = Aexit min)/Aexit max — Aexit min). This gave the following
expression for the drag due to nozzle deflection

Aexit = Aexit min )2

2
D= 2.4927 P M (
o Aexit max ~ Aexit min

The nozzle exit velocity coefficient, Cy, was estimated using empirical data

which accounts for nozzle perimeter effects for high aspect ratio, 2-D nozzles.

At the cruise condition, the nozzle hydraulic diameter ratio is approximately
0.2. For this condition and an assumed Cy value of 0.99 for a standard round
nozzle, the Cy of the heat exchanger nozzle was calculated to be 0.98. For
this application, little change in Cy should be expected with nozzle deflec-
tion to the takeoff position. This value of Cy was assumed constant over the
range of operating conditions (nozzle pressure ratios of 1.04 to 1.57 and
geometry variations of the heat exchanger exhaust system). The nozzle exit

flow coefficient, CFp, was to be a constant value of 0.98 over the operating

range.
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I.4 APET HEAT EXCHANGER LOSS MODEL

Station Diagram

Heat Exchanger

Variable
. y — / Area
.
\' v v

Pro
Discharge
W —

Free
Stream

////A/P//__/_/L///

T3

Force Diagram

DFrict DAfterbody ’
Dspi11 | I

Finlet —" ~a———— Fexit

Net Force (Drag) = (Fiplet * Dspill * DFriction * DAfterbody) ~ FExit

1.4.1 External Elements

® Dgpill ~ Spillage Drag; Inlet Design, Airflow Requirements
) DFriction ~ Friction due to Additional Wetted Area

) DAfterbody ~ Afterbody Drag due to Variable Area Nozzle
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I1.4.2 Internal Elements

° Finlet ~ Prop Discharge Velocity and Airflow Required for Cooling
° Fgxit ~ 4PT1l, Inlet Diffuser Pressure Loss
| APT2, Heat Exchanger Core Pressure Loss
AT, Temperature Rise Across Heat Exchanger

"APT3, Exhaust System Pressure Loss, Friction and Turning

I.5 INTERNAL LOSS CALCULATION PROCEDURE

The heat exchanger core is at the heart of the internal loss calculation.
It is essential to know the pressure loss and heat transfer characteristics of
the heat exchanger core in order to assess the heat exchanger system perform-
ance. Therefore, in order to establish a credible design GE submitted the
APET heat exchanger requirements to Hughes-Treitler Manufacturing Corporation,
an aircraft heat exchanger manufacturer and Hughes-Treitler provided the pre-

liminary design of the APET heat exchanger used in nacelle design and analyses.

GE has the in-house capability to design and analyze the ducting to and
from the heat exchanger core. The APET heat exchanger ducting was designed
by GE to meet specific APET requirements. The Hughes-Treitler heat exchanger
core data was generalized (to account for small changes in the APET engine
that occurred from the time the specification was issued) and used in conjunc-

tion with the GE duct analysis.

The resulting generalized heat exchanger core data are shown in Figure
I-1. Note that the o (= p/P;) in Table I-1 is based on a core face density
rather than the average density through the core as stated in the Hughes-

Treitler report. This change was made to simplify calculation procedure.

For a generalized assessment of the heat exchanger system internal drag,
the system can be viewed as a '"black box". The "black box'" has an entering

momentum (Ram drag = w/g V); an internal loss (pressure drop); heat addition

LAPET horsepower, gearbox efficiency, flight condition relationships are
given in Figure I-5 and Table I-1.
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Heat Exchanger Core Only

10

.25
.20 |- IE I
~ O
E AP /
AT
S s O
e p—
-
<
o)
o 10 fe
0
3 (/
o
-
S c/
005 N
O’
cssf' Note: T Based on Face Row
0 -/ ]
0 5
w v 1lb/sec
300
200 p—-
[
o
4
e \
< Q
0o |- Y\,
\
A\
0 | 1
400 500 600
o
Ty v R
Figure I-1. Hughes-Treitler Heat Exchanger Characteristics.
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Table I-1. Typical APET Turboprop Flight Path.
Engine, Propeller, Gearbox,
Case M/h (ft) shp shp n

SLS 0/0 12378 12249 0.9901
" SL/TO 0.20/0 12510 12385 0.9900

DEN/TO 0.20/5330 9850 9743 0.9891

Climb 0.40/5K 10986 10874 0.9898

Climb 0.50/10K 104449 10339 0.9894

Climb 0.60/20K 8966 8863 0.9885

Climb 0.80/30K 7676 7579 0.9874

EOC 0.80/35K 6550.5 6457 0.9857

CR. 1002 0.80/35K 6550.5 6457 0.9857

CR. 90% | 0.80/35K 5895 5804 0.9845

CR. 80% 0.80/35K 5240 5151 0.9830

CR. 70% | 0.80/35K 4585 4498 0.9810

SLS = Sea Level Static

SL/TO- = Sea Level Takeoff

DEN/TO = Denver Takeoff

EOC = End of Climb

CR = Cruise




and a resulting exit momentum. The difference between entering and exit
momentum is the net force (thrust or drag). The heat addition is set by the
gearbox horsepower and efficiency.l The heat exchanger core AT (Figure I-1)

determines the airflow requirements:
Cp (Tto - Ttin) = Q = W Cp AT

(Note: The fundamental pressure loss resulting from heat addition is ignored
in this analysis. The Mach numbers and temperature ratios at which the heat
addition occurs are so low that this pressure loss is negligible). Knowing
the heat exchanger core AT, a "heat exchanger internal drag map" can be gener-
ated as shown in Figure I-2. An example of how this map is generated is given

below.

End of Climb, Mo = 0.8, h = 35,000 ft., + 18° Day, Fpet = 3999 1b.

Amb ﬁéat Excﬁgﬁéér Inlet
T = 411.85 M = 0.8406

P = 3.458 Pt = 5.495

Mo = 0.8 Tt = 471.7

Engine Shaft Output 6543.92

A APET
Gearbox Efficiency, n 0.986 DESIGN
Power Rejected 91.604 HP
BTU/MIN 1

Heat Rejection = 91.604 HP 42.42 HP 60 SEC/MIN

= 64.764 BTU/SEC

Heat Exchanger AT, Figure 1, 187°

64.764

- . = _04.764
Airflow Required 0.24(187)

= 1.443 1b/sec

NOTE: Airflow is set using a variable exit area. Inlet momentum is equal
to (W/g) x Vv,
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Figure I-2. Heat Exchanger Internal Drag-
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F /; R [ ( 1 )Y-fJ
= 1 -
w VTT g(v 1) Pr/Pamb / ¥

Conventionally, the former expression is used for inlet momentum calcu-
lation and the latter used for exit momentum (thrust). The thrust function

(F/W /T) way be more informative in that it directly relates force, flow,

temperature and pressure.

Inlet Momentum (FpaMm)

_ 1.443
Fpan ~ 35155 49-01 /A11.850 (0.8406)
Fram = 37.5
or
F_ .4 4069/1 1] 08714
F L ]0.285714
= 3.4069 /1 -1 /5753 = 1.199
W /T ( . )
t 3.458

F = (1.1944) 1.443 /A471.7

Fram = 37.5
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To generate the heat exchanger internal drag map APy is varied from
AP = 0 to the APy that gives Pp exit = Pppp. APy = 0 is the ideal situation,

pure heat addition, zero Pressure Loss

APt = 2.037 1b/in.2 (Pt exit = Pamb) Worst possible case, flow disappears,

or turns 90° from thrust/drag direction

For 4P = 0 The exit momentum exceeds the inlet momentum due to the temperature

F exit = (1.1994) 1.443 /633
F exit = 43.53

Net force (drag positive) » Fypjetr — FExit = 37.5 - 43.53

Net force = -6.92 1b, =6.03 = ~0.15% (Thrust) Eng. Net Thrust
3999

For AP = (Pt exit = Pamb) There is no exit momentum
Net force = 37.5 - 0 = 37.5/3999 = + 0.94% (Drag) Eng. Net Thrust

Using the parameter, APt/Pt and a nozzle coefficient of 0.98, the 0.8/35

Climb curve on Figure I-3 can be generated.

dPe/Pt % | Pt exit | EEeXIE I | Fexit | Fin- Fex | BB ZTexy
W't
0 5.495 1.589 | 1.199 | 43.53 - 6.03 - 0.151
10 4.945 1.430 | 1.062 | 38.55 - 1.05 - 0.26
20 4.396 1.271 | 0.877 | 31.83 +5.67 + 0.143
30 3.847 1.112 | 0.590 | 21.40 +16.10 + 0.403
37.07 3.458 1.0 0 0 +37.5 +0.938

These points, along with curves for Denver T/0, 0.5/10K Climb, 0.7/25K

are shown in Figure I-3.
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Figure I-3.
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40

e Points used to
generate .8/35/Cl
Line

x APET Internal
Drag

Heat Exchanger Internal Drag.

Estimates for the actual internal ducting (0.8/35K/End of Climb) are given

below:

Item Pt/Pt % Source
Inlet and Diffuser 5.0 GE
Heat Exchange Core 0.93 Hughes-Trietler
Exhaust Duct and Nozzle 1.16 GE
_7—.-0—5 Total
]
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Typical total System Losses:

System Internal

System Internal

Ft Condition APt/Pt % Drag % Fn
DEN T/0 6.01 0.32
0.5/10K Climb - 6.20 0.08
0.7/25K Climb 5.60 -0.02
0.8/35K End of Climb 7.10 ~0.08

These points are shown in Figure I-3.

External Loss Calculation

External losses are a strong function of the location and geometry of
the heat exchanger. Calculation procedures for external losses are straight

forward. This section will coordinate the external and internal drags.

For a well designed system, spillage drag can be eliminated within the

normal heat exchanger operating range.

Some wave drag may be present at the

high Mach operating conditions but this is considered negligible.

Pod drag and afterbody drag are calculated as follows:

Pod Drag (Dfrict)

ef

Y 2
Dpod E'Po M CD Ar
where
P° = ambient pressure

M = hub average Mach number

Cp = 0.012

Aref

460
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where

Afterbody Drag (Dafterbody)

D = 3,077 P M
o

noz

M = hub
Az =

A3pin

A3max

2

A3 = A3pin

2

A3max

ambient pressure

A3pin

average Mach number

= minimum nozzle area

= maximum nozzle area

nozzle exit area for nozzle position

External drag levels are calculated for the same cases used as examples for

external loss calculation.

Pod Drag Afterbody Drag |
Case P, 1b/in.2| M Fa~lb | 1b % Fn 1b Z Fn
Denv T/O 12.00 0.3117 | 13222 2.88 0.22 3.59 0.027
0.5/10K/CL} 10.11 0.537 8795 7.20 0.082 | 2.12 0.24
0.7/25K/CL 5.45 0.737 5484 7.32 0.133 | 0.196 | 0.004
0.8/35K/CL 3.46 0.841 3999 6.04 0.151 0.039 | 0O
Summary of System Performance
Summary of System Performance
%Z Fn
Pod Afterbody Internal Total
Case Drag Drag Drag Drag
Denv T/O 0.022 0.027 0.32 0.369
0.5/10K/CL | 0.082 0.024 0.08 0.186
0.7/25K/CL | 0.133 0.004 -0.02 0.117
0.8/35K/CL | 0.151 0 -0.08 0.071
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For compressor purposes, the total system drag can be plotted on the
internal drag map as shown in Figure I-4. The total heat exchanger drag is

about 0.2% or less throughout most of the flight profile.

1.0 pee .8/35
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@
v
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A
]
t 0
e |
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t Drag
® '
3 e Total Hx Drag
€

Figure I-4, Heat Exchanger Internal Drag.
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Figure I-5. APET Horsepower/Gearbox Efficiency.
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AcoUSTICS

II.1 METHODOLOGY AND ASSUMPTIONS

I1.1.1 Aircraft Flight Conditions

Three uniquely powered aicraft were acoustically evaluated in this study:

Reference turbofan powered

0.8 Mach cruise turboprop powered

0.7 Mach cruise turboprop powered

Tables II.1-1A to II.1-1C list the flight conditions at which these aircraft

were studied. All aircraft had two wing mounted engines.

Table II.1-1A. Reference Turbofan Flight Conditions TOGW = 111970 1bs.
A/P Nacelle
Thrust | Fan Ground Climb | Pitch
Fn/§ rpm Alt. Sideline | Speed. Ang. Ang.
Cond. | (1bs.) | N1//8 | (ft.) (ft.) | (ft/sec) | (Deg) | (Deg)
TO 13448 4859 2700 0 226 9.3 19.3
CB 10718 4448 2405 0 226 6.0 16
SL 13948 4859 900 1476 226 9.3 19.3
AP 3479 2928 394 0 218 -3 7
Table II.1-1B. 0.8 Mach Cruise Turboprop Flight Conditions TOGW = 111714 1bs.
A/P Nacelle
Thrust | Fan Ground Climb | Pitch
Fn/ ¢ rpm Alt. Sideline { Speed Ang. Ang.
Cond. | (1bs.) | N1//8 | (ft.) (ft.) | (ft/sec) | (Deg) | (Deg)
TO 14887 1216 2466 0 226 8.5 18.5
CB 11563 1216 2170 0 226 6.3 16.3
SL 14887 1216 900 1476 226 8.5 18.5
AP 3931 1216 394 0 218 -3 7.0
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Table II.1-1C. 0.7 Mach Cruise Turboprop Flight Conditions TOGW = 107309 lbs.

A/P Nacelle

Thrust | Fan Ground Climb | Pitch
Fn/¢ rpm Alt. Sideline | Speed Ang. Ang.

Cond. | (1bs.) | N1//e | (ft.) (ft.) | (ft/sec) | (Deg) | (Deg)
TO 14016 1253 2466 0 226 8.5 18.5
CB 10887 1253 2170 0 226 6.3 16.3
SL 14016 1253 900 1476 226 8.5 18.5
AP 3701 1253 394 0 218 -3 7.0

11.1.2 Propeller Noise

Fan field propeller generated noise was predicted using a preliminary '
design procedure methodology based on Reference 44 and DeHaviland Twin Otter
data presented in Reference 45. This methodology computes a scaled OASPL

based on the SAE procedures discussed in Reference 1:

OASPL = (37.5 * Mg) + 15.8 log (SHP) - 20 log (NB) - 20 log (DI)

-20 log (DIS/500) + 43 + DI (1)
where: OASPL = Overall Sound Pressure Level for one propeller in far field
Mt = Tip Mach No.
SHP = Shaft Horse Power
NB = Number of Blades
Dt = Tip Diameter
DIS = Measurement Distance
DI = SAE Directivity Index
From this OASPL, the total spectrum is determined using a correlation of

the harmonic fall-off rates vs. Helical Mach number developed from the

DeHavilland data, Reference 45.

Broadband noise is then computed based on an empirical relationship

discussed in Reference 46:
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(6.1 x 10~27) &y (Vo.7)6

10"1 6

CL DIS
+ 20 log —0._4_' - 20 log -3—06 (2)
fpeak = St S!Eﬁll (3)
Where: SPLpeak = Peak Sound Pressure Level
Ap = Blade Area

Vo.7 = Velocity at .7 radius

CL = Lift Coefficient

DIS = Evaluation Distance
fpeak = Peak Amplitude Frequency
St = Strouhal Number

h = Projected Bladé Thickness

After the peak frequency and ‘amplitude are determined the other spectral

levels are defined by a prescribed spectrum and the directivity is assumed to

be uniform on a constant radius arc.

Calculations performed using this procedure yield lower levels than the
standard SAE procedure, Reference 44. This reduction can be attributed to the

"clean-up" that is achieved by the DeHavilland propeller in flight.

Projections of comparative measurements of advanced blade design impact
no noise levels made on NASA's Jetstar (Reference 47) suggest that, at the
tip reltaive Mach number region of interest, very little, if any, benefit
of advanced blade technology can be claimed (the helical Mach numbers are
low My = 0.75).

Near field propeller generated noise was predicted based on the SAE

methodologies of Reference 44, as follows:
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OASPL = 15.2 log (SHP) - 40 log (DI) + 20 log (4/NB) +
10 N log (¥/D¢/.03) + 135.7

Where: OASPL = Nearfield Overall Sound Pressure Level for one propeller
SHP = Shaft Horse Power
D1 = Tip Diameter, ft.
NB = No. of Blades
N = 2.6 x Mg - 3.52
Y = Propeller Tip Clearance to Fuselage

Discrete tone harmonic fall-off rates are prescribed.by a fall-off rate
correlation developed from the data of Reference 45 and 48. These tonal levels

were summed into one third octaves, and then A-weighted sound level (dBA).

I1.1.3 Compressor/Fan Noise

Compressor noise for the turboprop cases and fan inlet/discharge noise _
for the turbofan case were predicted using the methodology discussed in
Reference 49. This method, which was developed by NASA in partial support of
NASA ANOPP, determines one-third octave band sound pressure levels of broad-

band, discrete tone and combination-tone noise compomnents.

Broadband levels are correlated based on the following expression:

L = 20 log ﬁ—';; 10 log -%; + Flg (Myp, Mepq) + F2p (RSS)
£
+ F3g (0) + Fag -Fl-)—
Where: Lg = Broadband Sound Pressure Level

AT = Total temperature rise across fan or compressor
AT, = Reference value of AT (1R)
M = mass flow rate passing through fan or compressor

M, = reference value of M (1 lbm/sec)
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F1g (Mgy, Mtro) = Broadband Correction Function based on rotor tip
relative Mach number and design rotor tip relative Mach number.

FZg (RSS) = Broadband rotor-stator spacing correlation function
F35 (8) = Broadband Directivity Correlation function
F4g (£, fp) = Broadband spectra distribution correlation function

Discrete tone noise levels are correlated based on the following expres-
sion: ‘

.

L = 20 log %— + 10 log X+ Flp (Mep, Mepq) + F2¢ (RSS)

o My
+ F3t (e) + Flbt "f—'
£
Where: Ly = Discrete tone sound ﬁressure level

Fl¢ (Mgy,M¢r4) = Tonal rotor tip relative Mach number
correlation function

F2, (RSS) = Tonal rotor - stator spacing correlation function
F3¢ (0) = Tonal Directivity correlation function
F4y (f/fb) = Harmonic tone level correlation function

Combination tone noise, as calculated for first stage fans, are
correlated by:

AT M f
L = 20 log — + 10 log =—— + Fl. (Mgp) + F2. (8) + F3. —
[ g AT, ¥y [ tr c c £y

Where:. Lc = Combination tone sound pressure level

Fle (Mgr) = Combination tone rotor tip relative Mach number
correlation function

F2. () = Combination tone directivley correlation function
F3. (f/fp) = Combination tone spectrum correlation function
c = 1Inlet guide vane correlation factor

Fl, F2, F3 and F4 are correlation functions which were curve fit from

plots in Reference 49.
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Comparisons of estimated levels using these procedures to commercial
engine measured data show the methodology to be in good agreement with the

measured data.

I1.1.4 Turbine Noise

Turbine noise is predicted using the techniques discussed in Reference 50.
This methodology was based on rig and engine data correlations to pressure
ratio, tip speed, and exit area. The peak OASPL, which is the composite

of broadband and tone noise, is determined by:

PEAK OASPL = 40 logio (AT/Tp, p. .
+ 10 loglo A + 164.

) - 20 logig Ut

Where: PEAK OASPL = combined broadband and discrete frequency
OASPL at 120° and 200 ft.

@1/ =1 - (/e ( L=L)
;

Pr = turbine total-to-static pressure ratio
= Pro/Pg2
U = dominant stage tip speedg, ft/sec.
A' = core nozzle exit area, ft
Y = ratio of specific heats 1.4
Tone noise is determine by:
PEAK SPL = 21 logig (AT/T) - 20 logig (Ug) + 10 logipA
+ 161.5

Where: PEAK SPL = tone SPL at 120° and 200 ft. sideline, without air
attenuation and EGA

The dominant stage was assumed to be the next to last stage for the two

configurations and the reference engine.

Broadband noise was determined by logarithmically subtracting tone
levels from the overall levels, and distributing the resultant levels over a

prescribed spectra.
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11.1.5 Combustor Noise

The combustor generated noise prediction methodology was based on Refer-
ence 51. This methodology correlates combustor noise with combustor mass
flow rate, inlet total pressure, total temperature rise, and takeoff condi-

tion total temperature extraction. The OAPWL is calculated by:

T4-T3)2

OAPWL = 10 logig (M3 ag/®ref) + 10 log (' T,

P.\2 /Tu-Tc\ ~4
(—-“‘-) (‘* 5) - 60.5
PO TO

OAPWL = Overall Power Level

Where: M3 = combustor mass flow rate, kg/s
P3 = combustor inlet total pressure, Pa

(T4 - T3) = combustor total temperature rise, ° k

(T4 = T5)ref = Mn. takeoff reference total temperature
extraction by the turbines, ° k

fref = reference power, 1 pW
To = 288.15° k

P, = 1.01325 x 105 Pa

ap, = 340.294 M/s

This OAPWL distributed over angle and over frequency using a far field

directivity index and spectrum shape factors.

I1.1.6 Airframe Noise

Noise, as generated by the aerodynamic forces on the airframe was pre-

dicted using relationships from Reference 52.
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M3.47( W i b2> 0.62 2
Po 25

0ASPL(r, 6) = 10 log + 154.9
(%> 1.59 (Aéf°39 a - Mr)4

Where: OASPL (r,9) = Overall Sound Pressure Level at radius r and angle @
re 2 x 10~3 N/M2

M = Aircraft-Mach Number

W = ¢ (1/2 Py V2)s

Ci, = Life Coefficient

Po = Ambient density, kg/M3

a, = Ambient speed of sound, M/Sec
b = Aircraft Span, M

v = Aircraft Speed, M/Sec

2

8§ = Aircraft Wing Area, M

Y = Angle between the normal to the aircrafts wings and the observer,
degrees

r = Observer distance, M
AR = Aspect Ratio
My = Instantaneous Mach number in observer direction

The OASPL as calculated above is distributed over a prescribed spectrum

shape.

I1.1.7 Jet Noise

The single stream jet mixing noise from the shock free circular exhaust
nozzle was predicted using the procedure defined in Reference 53. It is based
on a correlation of fully expanded mean jet velocity, temperature ratio,
nozzle area, and Strouhal Number, with an extensive scale model database. This

procedure calculates the component OASPL from:
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Pd f_i Po
OASPL = S + 10 log]g *P—o w + 10 logi2 ) + 20 log m

Where: OASPL = (Overall Sounleressure Level at angle 8; dB
§ = Normalized Overall Sound Pressure Level at Angle 8; dB
Pj = Fully expanded jet demsity, Kg/M3
P, = Atmosphere density, Kg/M3
w = Variable density index
Aj = (Cross sectional area of jet exhaust nozzle, M2
T = Radial distance from nozzle to observer, M
P, = Ambient pressure, Pa
PisA = Ambient pressure under ISA conditions, Pa
05 = Angle relative to intake axis, degrees

The OASPL is distributed over a prescribed spectra, -and modified to

reflect the forward speed effects when projected to flight.

I1.1.8 Flight Projection and Adjustments

The procedure by which the data was projected to flight includes correla-
tions for such things as spherical divergence, air attenuation, ground reflec-
tions, doppler shifting, dynamic effects, jet noise flight effects, and extra

ground attenuation.

Spherical divergence was calculated assuming a point source and applying

a "20 log" ratio of distances correction.

Air attenuation corrections were determined based on ARP 866 (Reference
54).

The ground reflection correction relationships are based on FAA report
RD-71-85 (Reference 55).

The Dynamic amplitude effect correction is based on the following:

Dynamic Effect = 40 log [1 — (Mai Eos e)]
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Where: Mae = Aircraft Mach Number
@ = Listener angle

Jet noise flight effects are discussed in Reference 53. Extra ground

attenuation effects are determined from Reference 56.

I1.1.9 Cabin Noise

Cabin noise levels were assessed at take off condition (highest propeller
source noise condition) for the two turboprop aircraft. The only source that
was considered for the cabin noise was near field propeller noise (Reference
Section II.1.2). After the near field propeller source levels were estimated
at the cabin wall, a cabin wall transmission loss was applied to the one-third
octave levels and a cabin environment A-weighted sound pressure level was
determined. The cabin wall transmission loss values were estimated from

Reference 57 and are given in Table II.1-2.

Table II.1-2. Cabin Wall Transmission Losses.

Transmission

Loss

Frequency (dB)
50 10
63 13

80 16 -
100 21
125 29
160 33
200 40
250 47
315 51
400 56
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I1.1.10 Treatment Assumptions

The two turboprop engines studied did not need any duct acoustic treat~
ments. The reference turbofan engine studied did require fan inlet, fan
exhaust, and turbine treatments. The treatments for this engine are assumed

to be similar to those used in the NASA/GE Energy Efficient Engine.

As the L/D factors of the reference engine (Inlet L/D = .67, Fan Exhaust
L/H = 4.33) are better than the Energy Efficient Engine (Fan Inlet L/D = .52,
Fan Exhaust L/H = 3.36) a conservative estimation was used by substituting
the Energy Efficient Engine suppression estimates directly (reference Tables
IT1.1-3A and II,1-3B). The actual suppressions used are comprised of the
product of the suppression levels and the appropriate suppression directivity

ratios.

I1.2 EVALUATION

All aircraft were acoustically evaluated in relation to FAR36 1978 Stage
III limits (Reference 58). In addition, the two turboprop aircraft were

evaluated in relation to a cabin noise goal of 85 dBA.

Table II.2 list the estimated levels of all three aircraft, the corre-
sponding FAR36 limits, and the limit margins at each of the flight conditions.
The accuracy of those estimates are obviously limited by the preliminary

status of the design cycle, the prediction assumptions, and the flight mission

objectives.

I1.2.1 Reference Turbofan

The Reference turbofan engined aircraft (Figure 1I1.2-1) will meet FAR36

limits using cutback.

The sources that are controlling the system noise levels at takeoff and
cut back are fan inlet and fan exhaust, (Reference Table II.2-1). Future

design considerations which would help improve FAR36 margin are:
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Table II.1-3A.

~ Takeoff, Sideline, and Cut Back.

APET Reference Turbofan Treatment Suppressions

Suppression Level (s dB)

Freq. (Hz) <315 | 400 | 500 630 1 800 | 1K {1.25K| 1.6K| 2k | 2,.5K| 3.5K | 4K 5K 6.3k | 8K 10K
Fan Exhaust 5.2/5.2}5.2(5.2|5.2{7.0 4.5 |7.5 [8.0[8.5 |8.5 11.012.0[14.0 | 15.0 | 15.0
Fan Inlet 0 |1.2|5.2}16.0{4.9|7.0] 6.1 {65 |8.,0]|7.0 |5.1 4.5{ 4.3 5.1 5.4 | 4.6
Turbine 0 0 0 0 0 |0o.1] 0.3 |0.6 |1.2]1.3 | 2.5 3.0 3.1} 2.9 2.5| 3.2
Suppression Directivity Ratio
Angle re Inlet
10°} 20°| 23°] 40°} S50°| 60°| 70°] 80°| 90°
Fan Inlet | 0.4 |0.4 |0.2 (0.5 |0.5 |1.0 |1.6 |2.4]2.2
) Angle re Inlet
80°| 90°{ 100°| 110° | 120° | 130° | 140° { 150°
Fan
Exhaust | 1.1 (L.1 {1,464 [1.3 |1.0 {1.3 [0.9 [0.8
Turbine | 1.6 }1.16 | 1.59| 1.48 ] 1.14| 0.89| 0.63 | 0.41

Table II.1-3B.

APET Reference Turbofan Treatment Suppressions ~ Approach.

Suppression Level (a dB)

Freq. (Hz) <400 {500 |630 |800 j1K |1.25K [1.6K [2K 2.5K 13.15K 4K Sk 16.3K 8K (10K
Fan Exhaust 7.1 7.1 7.3} 7.2] 9.6{ 10.9 | 10.7| 11.7| 14.5| 1.4.0 | 13.3|15.0| 15.1 | 15.0| 12.8
Fan Inlet 1.8 3.1] 4.1 5.3{ 5.6{ 7.5 7.7 5.8{ 6.5 6,2 7.2 1.2 1.3 6.5] 4.4
Turbine 0 0 0 0| 0.1 0.3 0.6 1.2} 1.3 2.5 3.0 3.1} 2.9 2.5 3.2
Suppression Directivity Ratio
Angle re Inlet
10° | 20° | 23° | 40° | 50° | 60° | 70° *l90°
Fan Inlet | 0.3/0.2{0.5{0.,9)1.1|1.5]1.9{1.8]1.4
Angle re Inlet
70°| 80° ( 90° | 100° | 110°| 120° { 130° | 140° | 150°
Fan
Exhaust | 1.0 1.0 |1.,0 (1.2 |1.2 1.2 |[1.0 |Ll.1 [1.0
Turbine | 1.48{1.59(1.16 [ 1.59|1.48| 1.14| 0.89| 0.63| 0.41
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59, 34" Diameter oRrR: OR QuUm
Cut-on Fan 0

Rotor-Stator S/C - 119%

Astroquartz
Bulk Absorber Treatment
evlar Bulk Absorbent Treatment

Figure II.2-1. APET Baseline Turbofan Engine.

Table II.2-1. Reference Turbofan Component Levels.

Measuring Point

Full

Power Cutback Sideline Approach
Noise Source (EPNdB) (EPNdB) (EPNdB) (EPNdB)
Airframe —— - -— 87.6
Jet 80.5 77.9 84.2 72.5
Core 69.6 67.4 73.2 69.6
Fan Exhaust 75.0 75.7 80.7 80.9
Fan Inlet 80.6 80.9 87.3 | 93.0
Turbine 71.0 72.6 77.4 88.1
Engine Alone -— —_— —— 94.2
System 85.8 85.3 91.8 _ 94.9
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° Reduction in fan oprating speed at take off
° Improved inlet liner treatment
° Increased rotor-stator spacing

I1.2.2 0.8 Mach Turboprop

The 0.8 cruise Mach turboprop engine (Figure II.2-2) aircraft will meet

FAR36 limits using cutback.

Propeller generated noise controls the total system noise at all flight
conditions (Reference Table I1.2-2). Any advanced propeller blade design
acosutic benefit which can be claimed could be directly applied to the overall

system noise due to the dominance of propeller noise in the system noise.

The maximum A-weighted cabin noise for this aircraft at takeoff is 85.8
dBA. Therefore, anticipated levels during normal operation are expected to
be within program goals,

II1.2.3 0.7 Mach Turboprop

The 0.7 cruise Mach turboprop engine (also Figure II.2-2) aircraft will
meet FAR36 limits using cut back. As in the 0.8 Mach cruise propeller
generated noise controls the total sytem noise at all flight conditions
(Reference Table II.2-3). Therefore, any advanced propeller blade acoutic

benefit is directly realizable as a system noise benefit.

Maximum A-weighted cabin noise at takeoff for this aircraft is estimated

to 85.8 dBA which is at the program goals.

I1.3 Conclusions and Recommendations

All three aircraft evaluated in this study are expected to meet FAR36

Stage III limits for far field noise, and program goals for near field noise.

Growth of the turboprop aircraft may be permitted if advanced blade
technology can provide any benefit at the low tip relative Mach number at

which the propeller is operating.

There is not any significant acoustic benefit or penalty that the pro-

peller engines in this study have over the turbofan engines.
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Figure II.2-2, APET Engine No. 2B Boosted Turboprop,

Table I1.2-2. 0.8 Mach Turboprop Component Levels.

Measuring Point

Full

Power Cutback Sideline Approach
Noise Source (EPNdB) (EPNdB) (EPNdB) (EPNdB)
Airframe — -— -—— 87.6
Jet 67.5 61.4 70.6 57.1
Core 75.1 72.8 77.9 76.0
Compressor 63.6 59.4 72.0 88.4
Propeller 89.3 87.6 91.9 90.5
Turbine 73.4 73.9 78.8 89.5
Engine Alone - -—- -— 97.2
System 90.5 88.9 93.5 97.2
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Table 11.2-3.

0.7 Mach Turboprop Component Levels,

Measuring Point

Full

Power Cutback Sideline Approach
Noise Source (EPNdB) (EPNdB) (EPNdB) (EPNdB)
Air frame - - - 86/7
Jet 67.3 64.9 70.4 56.9
Core 74.8 72.5 77.6 75.7
Compressor . 62.8 58.3 71.1 87.5
Propeller 89.1 87.4 91.7 90.4
Turbine 72.8 73.3 78.2 88.9
Engine Alone - - - 96.7
System 90.2 88.7 93.2 96.7
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II1.0 INTRODUCTION

The APET customer deck includes a provision for scaling for reference
engine. Thus, the user can calculate engine system performance for a range
of engine sizes. To complement the scaling capability, this weight and
dimensional model will provide weights and dimensions over a range of engine

sizes.

The model is divided into five components:

° Gas Generator
° Propeller

° Gearbox

° Nacelle

) Installation

With this breakdown, the user can supply components with different charac-

teristics and determine weights and dimensions for the new engine system.

III.1 PREFACE

This provides a method for determining the weights and dimensions for
scaled APET engines' systems. The system includes the gas generator, gearbox,
propeller, nacelle, and installation. The engine scaling capability (SWSIZE)
is included in the APET customer deck for the range of gearbox horsepower
(PWSD) from 7800 to 20800. With the GE gearbox efficiency characteristic
and customer offtakes, the resulting propeller shaft horse power (PWI) is

~7500 to ~20000. Weights and dimensional information can be calculated for

the following:
° Gas generator configurations

- All axial

- Axi centrifugal

® Propeller Design Range H-S Prop Fan ~M0.80 Capability
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- MO.70 to M0.80
- Tip Speed from 700 to 800 fps (UT1)
- SHP/D2 from 30 to 37.5 (PWODS)

Gearbox Types ~ GE Supplied

- Offset
- Split

- Concentric

III.2 PROCEDURE

Weights (System with Offset Gearbox)

Determine the scale APET engine system's weights as follows:

Select the desire airflow scale ~“SWSIZE = desired value
~ (0.60 <SWIZE<1.60)

Choose cruise flight condition ~ ALT = 35K, Mach No. = 0.70 to 0.80
Choose the propeller design

- Propeller Sizing switch ~SWPROP
- Tip Speed ~ZUT1
- Propeller Loading ~ZPWODS

Operate scaled engine at M0.20/SL+27, SITFK =1, PC = 50 to find
gearbox design horsepower (PWSD)

With this information, use Figures III-1 through III-6 to calculate the weight

for the scaled APET engine system.

III.3 WEIGHTS (Split and Concentric Gearbox)

The procedure is the same except Reference Weights (WT) REF for the

desired gearbox type are found in Table III-1.

The weights of the desired gears are then calculated using the charac-

teristics of Figure III-3.
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(WI)Gears = (WT)ger x

(WT)Nacelle = (WI)geg x —
Structure WT @ PWSD = 13000, SHP/D2= Specified

WT @ PWSD M0.20/SL + 27
WT @ PWSD = 13000, SHP/D2= Specified

WT @ PWSD MO.20/SL + 27
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@ M0.20/SL + 27°

Figure III-1. APET Gas Generator Weight Trends.
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|
)
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Figure ITI-2, APET Propeller Weight Trends.
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Figure III-3.
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APET Gearbox Weight Trends.
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Figure III-4.
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APET Nacelle Weight Trends.
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Figure III-5. 'APET Weight Trend.
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Figure III-6. APET Propeller Loading Trends (Constant Rated

Temperature) .
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Table III-1. Gearbox Type Effects.

PWSD = 13000 @ M0.20/SL + 27°

Gearbox Type

Gears Weights

SHP/D2 @
MO0.80/35K + 18 Offset Split Concentric
37.5 1068 1500 1162
34.0 1123 1577 1222
30 1184 1663 1288
Nacelle Weights
37.5 567 660 594
34 578 673 606
30 594 691 622
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III.4 RESULTS

The results of 3 scaling situations are contained in Tables III-2 and

III-3. The reference engine is also included for comparison.

Table III-2

contains the input selections to the customer deck and Table ITII-3 the breakdown

of the contributing weights. The examples illustrates these situations.

Engine System Reference Example Example Example
1 2 3
SWSIZE 0 0.80
Gas Generator All Axial Axi-Centrifugal
Gearbox Type Offset Concentric
Propeller H S 10 Blade Propfan
SHP/D2 @ MO.80/35K 37.5 37.5 34 30
Tip Speed 800 800 750 700

The listing of the APET customer deck input is included at the back of this section.

III.5 DIMENSIONS

Engine dimensions can be calculated by using Figures III-7 through III-9

along with these scaling relationships.

° Gas Generator
Dia = (Dia)ges * (SWSIZE)KL

K; =
Length = (Length)gef *

Kp =

® Gearbox

Dimension = (Dimension)ges *

K3 = 0.50

(swSIxe)K2

PWSD

13000

MO0.20/SL + 27
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Table III-2. Engine Weights and Dimensions.

Inputs/Outputs
Example Example Exsmple
Reference Engine 1 2 3
Case 1 Case 2 Case 1 Case 2 Case 1 Case 2 Case 1 Case 2
Input
Mach No. 0.80 0.20 0.80 0.20 0.80 0.20 0.75 0.20
Alt 35000 0 35000 [} 35000 ] 35000 0
DTAMB 18 27 18 27 18 27 18 27
RC 40 50 40 50 40 50 40 50
SITFK 1 1 1 1 1 1 1 1
PWX1 87 327 229.6 261.6 229.6 261.6 229.6 261.6
swsize 0 0 0.80 0.80 0.80 0.80 0.80 0.80
Propeller H.S. 10 Blade Propfan .
SWPROP 0 0 0 0 1 2 1 2
ZPWODS - - - - 3.0 28.7* 2
ZUTL - - - - 750 700 -
Configuration
Gearbox Offaset Offset Offset Coucentric
Gas Generator All Axial All Axisl All Axial Axi Centrifugal
Qutput .
PWQDS** 37.5 - 37.5 - 34.0 30
PUSD ~13000 - 10450 © 10450 10440
UTL 800 - 800 800 750 700
GR 7.45 - 7.45 7.45 8.35 9.52
*Selected from Pigure 6
**~Yalues to use for Pigures 1 through 5

Table III-3. APET Engine System Weights.

Reference Engine Example 1 Example 2 Example 3
Pigure Weights
Gas Generator 1 1568 (All Axial) 1280 1280 1345
Propeller 2 1479 1130 . 1230 1340
Gearbox System 3
Gear 1068 770 810 920
Heat EZxchanger & Ducts 102 81 81 81
Lube System 50 42 42 42
0il Tank n 27 27 27
0il . 9 [73 64 64
Aircraft Gearbox 50 41 41 41
Weight (Tip Speed) 0 0 100 220
Total 1380 1025 1165 1395
Nacelle System 4
Macelle Structure 567 475 485 512
Inlet 0 55 55 55
Core Nozzle -] 75 75 75
Weight (Tip Speed) (] ] J— 20
Total 725 605 622 662
Installation 5
Support Structure 184 125 137 155
Engine Build Up 122 115 115 115
Total 306 240 252 270
Total = 1 + 2 + 3 + & + 5 548+ 2804 3545¢ o012+
1
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: ® Axi-Centrifugal Compressor
- €3 Tech for Axial
2 Stage VIGV Booster
4 Stage Power Turbine
Offset Gearbox
| B ;
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Figure III-10, APET Turboprop Configuration.

4-Stage LPT
Referee Offset Gearbox
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Figure III-11. APET 2B Baseline Engine (12500 SHP),
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Input Listing

EINFOT

CASE=1+sZALT=3S000: ZRM=0. 80 ZDTAME=1Z
SITFR=13 ZRC=4 05 ZPCHSD=1 005 SHPWE 1215 SWPRLZ=0s
ZPWRI=0: ZPC=0s ZP1=0s SIM=15 ZT1=0s SWPROF=0s
ZWEZ=0s ZWBIR=0s ZPRSD=0 ZDT1=0s

ZEGE=0s 2OR=0s ZF1FR=0s ZFR1Z=0

FIRFPUT

SALT=0: ZER=0.20: 2ZDTAME=ETs SR04 0n
SPWE1=201 .5

X

ZPRDDS=0; ZFHR1=05 ZTIFQ=05ZUT1204 Reference
ZYIAS=0s ZYTASS D SWEETR=0: ZNEET=0 SWSIZE=0s Engine
SWPRLZ=0: ZPA1IZ=0s
T
EINPUT ZRLT=0s 25M=.2s ZDTAME=ET
ZRC=S0s
3
TINFOT
CEZRSISE=0.80: SHPRR1=0s SPREL=2ES. 65 :
SALT=3S000: ZRM=0, 805 ZRC=403 ZDTAMES184
T Example

@

CBINFUT

ZARLT=ISO00s 2EM=0, S0 SDTAME=1E ZRC=40s
ZUPEOF=1 SPuRhLs= 3. J00T1=7 S lia
SPEE1=229. 5

¥

i

FINPUT Example
ZALT=0: ZXM=0. 205 ZROSS0: ZDTANESET
ZPEIR15261 64
SWPROP=E;
TIRFUT
ZALTEIS000: ZRA=0, 755 ZRC240: ZITAMES185
SWPROP=15 ZPRGDESEE. 74 ZUT 157 003
ZPUA1S2E9. 6
Example

E

FINFUT :
ZALT=0s SRA=0, 20+ ZRCES0: ZDTAMESEV ZPUE 1261060
ENPROFP=CS

T

®
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TOGW
OEI
SHP

KEAS
ASM
PAX

HP
LP
SFC

MXCL

T/0
PR

TF

SL
FN
DoC
LF

N.Mi
or
NMI

‘EPNdB
kN
kW

OWE
ZFW
OPR
VIGV
MTDE
T4l
PCcM

SYMBOLS AND ABBREVIATIONS

Mach Number

Takeoff Gross Weight
One Engine Inoperative
Shaft Horsepower
Equivalent Airspeed in Knots
Available Seat Miles
Number of Passengers
High Pressure

Low Pressure

Specific Fuel Consumption
Maximum Climb

Takeoff

Pressure Ratio

One Thousand

Turbofan

Turboprop

Sea Level

Net Thrust

Direct Operating Cost
Load Factor

Nautical Mile

Effective Perceived Noise Level in Decibels
Kilo Newton

Kilowatt

Operational Weight Empty

Zero Fuel Weight

Overall Pressure Ratio

Variable Inlet Guide Vanes

Modern Technology Development Engine
Turbine Gas Temperature

Pitch Change Mechanism




PCMCU
PSI
KSI
SDG
STC

FADEC

SYMBOLS AND ABBREVIATIONS (Concluded)

Pitch Change Mechanism Control Unit
Pounds per Square Inch

Thousand Pounds per Square Inch
Speed Décreasing Gearbox
Streamtube Curvature

Centerline

Full Authority Digital Engine Control
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